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SPACE PROCESSING APPLICATIONS ROCKET PROJECT 

SPAR III 
FINAL REPORT 
INTRODUCTION 

Space processing has been defined as "using the unique aspects of space 
environment to pre ess materials." As such, it is an area of technology 
endemic in origin and function to the Space Age. Historically, it is a direct 
descendent of the experiments and science dt'monstrations of Skylabs in and IV, 
as well as the experiments performed during tl»c Apollo-Soyuz Test Project 
(A5n'P) mission. Space processing, in a generic sense, is an effort designed 
to take advantage of the above-mentioned "unique aspects of space environment." 
Specifically, these aspects stem from the presence of a lo\v-g en\ironment 
during space flight and result in a reduction in detrimental effects such as 
thermal convection, sedimentation of hea\y ixirticles, and Uic buoyancy of 
bubbles and lower density particles in a fluid. The ultimate goal in taking advant- 
age of these low-g characteristics is to provide products and prccc-se.es which 
are beneficial to mankind. 

The Space Processing Applications Rocket (SPAR) project consists of 
a series of research rocket flights designed to provid*' opportunity fer materials 
processing experiments in a short-term low-g en\ironment. The project 
currently uses a Black Brant VC (BBV'C) sounding rocket as its vehicle, 
although a Nike-boosted configuration will be available in the event of heavier 
payloads. The BBVC rocket provides 15 min of flight, including approximately 
5 min of low-g emirorr.ient time usable for Uie most critical iwrtions of materials 
processii g experiments. The fiinctions of the SPAR flights are to exp:uid on the 
space processing-relevant dati yielded by Skylab and ASTP, ;md to provide an 
experiment expertise and information base which will :illow for greater sophis- 
tication of Shuttle /Spacelab materials processing activity. 

Specifically, this report contains post-flight ixqxn-ts on the results of the 
experiments flown onboard SPAR III on Decemix'r I 1, 19TC>. These five experi- 
ments were de\ised by tlirec industrial firms, one university, and one govern- 
ment agency, and coordinated by the Marshall Spa<-e Flight Center. Each experi- 
ment has been reported on by the respective Principal Investigator (PI), and 
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these reports are included in separate sections of this SPAR in report. Editing 
has been kept to the minimum necessary for uniformity in format. It is expected 
that fois report will serve as a public record of SPAR activities, and it is hoped 
that it will provide information of significant interest to the materials processing 
community. 
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WUrRMyO P AOff Kf AVK NOT pn v?* 


CONFIGURATION 


The total rocket configuration is shown in Figure 1 and the SPAR III 
science payload is shown in Figure 2. Figure 3 shows the science payload with 
the location of temperature sensors. 


PERFORMANCE 


Trajectory parameters for the fli^t are shown in Figure 4. The low-g 
( 10~* or less) duration was approximately 255 s starting at 90 s and ending at 
345 s. The science payload w'as shutoff at 660 s, but the telemetry stayed on 
for 967 s to attempt to record impact. However, loss of signal at 722 s pre- 
cluded getting the shock loads and the TM shutdown signal. 

+15 

The science payload battery specification is 28 V. The battery 

* £» 

voltage started at 37 '/ and dropped to 35 V at t = 88 s. Recovery back to 37 V 
occurred at 298 s. 


I NSTRUMENTATION — TELEMETRY 


Temperatures 

The temperatures inside the science payload are given in Figures 5 and 
6. Use these two figures in conjunction with Figure 3 to locate these tempera- 
ture sensors inside the payload. The temperature throughout most of payload III 
ranged between 20 to 25”C higher than on payload II. The two exceptions to this 
were in the aft end and the top end of the payload. The temperature in the aft 
end of payload III (on top of Experiment 74-45) ranged from 20 to 55®C hi^er 
than the temperatures in the aft end of payload II. The temperature in the top 
of the payload III was 25 to 30“C higher than it was in the top of payload II. 

The reasons for these hi^er temperatures are: 

1. The internal heat generation was greater on payload III than on 
payload II (for example Experiment 74-45). 

2. Higher reentry heating was experienced on flight III (possibly due 
to a greater angle -of-attack) . 
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The final conclusion is, howcN'er, that all critical components operated within 
their temperature limits. ^ 


Pressure 

Pressure »n the forward end of the science payload dropped from 13.26 
psia at liftoff to 0. 19 psia at t = 87 s. Payload III carried a 6-range pressure 
transducer in the lower part of the science payload. This transducer reading 
dropped to O.-l psia at t = 160 s and stabilized ‘intil t= 257 s. This pressure 
increased to 0.4 psia at t - 261 s. It increased to 0. 5 psia at t = 286 s and 
remained there through t - 373 s. At this point it began to increase sharply due 
to reentry into the Earth atmosphere. 

EXPERIMENTS 


Experiment 74-45, Epitaxial Growth of Single-Crystal Film 


The furnace and its control system woi'ked properly until the slider 
mechanism with the substrates was moved into contact with the growth solution. 
The temperature readings became erratic at that time, making it difficult to 
determine what the temperature was near the growth solution. Post-flight 
inspection showed that the slider mechanism was broken, either before or 
during the time the substrate was in contact witi» the solution. When the slider 
mechanism was withdra\/n, it failed to remove the substrate from the growth 
solution. 


74-33, Contact and Coalescence of Viscous Bodies 


This experin ent did not form v.iops as planned. However, all the timer 
functions were performed satisfactorily and all subassemblies (camera opera- 
tion, drop injector operation, acoustic field, etc.) operated within the experi- 
ment timeline. The f lilure of this experiment appears to be either the improper 
viscosity fluid or the improper needle size or possibly both. (It is difficult to 
correctly set these two parameters, since test results may not be reliable in 
a gravity environment. ) 


1. NASA/ MSEC Memorandum EP44 (77-21). 
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Experiment 74-18/2 and 74-18/ Liquid Mi?:i 
This experiment performed as expected from an enginoorin}!: standpoint. 


Experiment 74-36/2, Interaction of Bubbles with Solidific ntioii Inte rf aces 
The apparatus functioned well from an engineering stajidpoint. 


Experiment 74-48, Containerless Processing of Boi yllimn 

This experiment functioned properly for almost 3 min of low-g time. 

The required processing temperatures were attained, tlie sample was melted 
and resolidified vdiile suspended in the electromagnetic field, the camera 
functioned properly, and the processed sample was returned intact. There was 
a broken water line in this experiment which was noted at tlie time of recovery. 

It is not clear when tiie water line broke. All of the 74-48 measurements became 
erratic at t= 261.5 s. The first irregularity pix'coeding this time was a distur- 
bance in the damping servo signal at t= 249.2 s. The servo oscillation damped 
out in the next 9 s. At this time, t -- 258.6 s, there was a disturbance in all 
74-48 measurements. Then 3 s later, t= 261.5, all measurements for 
this e:q)eriment oecame erratic for the rest of the flight, however, post^fiight 
analysis indicated .hat the experiment worked perfectly according to objectives. 

It levitated, melted, and solidified the sample as planned. 
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actual flight profile and events /'conditions. 





Figiire 5. SPAR payload III temperature versus flight time. 




Figui'e G. SPAK payload fl! tomporaturc versus flight time. 
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SCIENCE PAYLOAD Hi TEST REPORT 


By 

T. F. Rowell 

Marshall Space Flight Center 
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INTRODUCTION 


Purpose 


This report documents the testing and related activities during post- 
raanu&cturing checkout, integration, prelaunch, and launch of SPAR 
project payload III. 


Scope 

All significant testing and operations are presented from the arrival of 
STAR project science payload III at MSFC, Building 4619 for post-manufacturing 
checkout, through launch operations at the White Sands Missile Range (WSMR) . 
Te.sts are listed individually in sequence of performance and include procedure 
nui. iber, test title, objective(s) , and test performance. A summary of dis- 
crepancy reports (DR’s) and test discrepanc}' reports (TDR's) written during 
irtegration testing at Goddard Space Flight Center (GSFC) and during prelaunch 
and launch acti\ities at WSMR are listed in Appendix B. The payload III actual 
test schedule is shown in Figure 1. 


PA«F, W,AVir WAT 
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POST-MANUFACTURING CHECKOUT 


Test Title: Single Point Ground Isolation, Electrical Power, and Networks 
Subsystem 

Procedure Number: MTCP-FS-SPAR-3-608 
Test Objective: 

The objectives of this test were to verify: 

1. Single point ground isolation. 

2. Proper power transfer betwreen modules. 

3. That the support module network circuitry conforms to systems 
design. 

Test Performance: 

The power and network subsystem was wrified to conform to sj'stems 
design. No anomalies occurred during the test. 


Test Title: Instrumentation Subsystem Test 
Procedure Number: MTCP-FS-SPAR-3-GlO 
Test Objective: 

The objectives of this test were to verify: 

1. Proper transmitfor deviation. 

2. Subcarrier and commutated data ch:uincls 

3. Proper operation of folemoti'y c:\librator. 


Test Performance: 


The objectives of this test were met successfully. One anom;ily occurred 
during the test. Support module voltage regulator A5 output terminal shorted 
to case. The voltage regulator was removed, i-epaired, and z'etested satis- 
factorily. Reference DR 1386 and TDR M-SPAR-3-610-1. 


Test Titlci Subsystem Test Procedure, Experiment 7-1-18 2 and 3 
Procedure Number: MTCP-FS-SPAR-3-613 
Test Objective: 

To operate the experiment in a payload configuration using the ground 
support equipment (GSE) and to verify event tinier operation. 

Test Performance: 

The objectives of the test were met successfully. Anomalies occurring 
during the test were: 

1. The heater resistance of 74-18/2 thermal control unit (TCU) heater 
measured 14. On and should have been 14.7 to 15.3 n . The specification was 
ch:uigcd, with PI concurrence, to bring measured resistance within acccptibJe 
limits. Reference TDR M-SPAR-3-013-1. 

2. The heater resistance of 74-18 3 TCU heater measured ]0. 5 n and 
should have been 11.0 to 11.6 n . The specification was changed to bring 
measured I'esistance within acceptable limits. Reference TDR M-SPAn-3-613-2. 

3. Tnuisients were generated by support module and Experiment 74-lS 
event timer*- riuidomly when jxiwer was applied to the event timers. S\stem 
configuration changes due to the triuisients were corrected by procedure. 
Reference DR 1415 and TDR M-SPAR-3-613-3. 


Test Title: Subsystem Tost Procedure, Experiment 7 (-a3. 
Procedure Number- MTCP-FS-SPAR-3-614 
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Test Performance: 

The objectives of the test were met successfully. One anomaly was 
detected during the test. The experiment event timer functions started when 
power was applied to the experiment instead of a signal from the liftoff relays. 
T\\x» transient paths were randomly setting the event timer start relay. One 
path was from the support module liftoff rel:»y, the transient being generated 
when payload power was applied. The second path was from the experiment GSE 
p:inel simulated liftoff circuit, the tr:insient being generated when GSE panel 
power was applied. A rel:\>', set by experiment power application, was put in 
series with the liftoff relay to stop the transient generated by payload 
power application. The simulated liftoff circuit in the experiment GSE panel 
was eliminated, rhe circuit was not used for test am’ iamich activities. 
Rcforer.co TDK M-SPAR-3-CH-1. 



. 





Test Title; Subsystem Test Procedure, Experiment 74-36 


Procedure Mumber; MTCP-PS-SPAR-3-611 
Test Objective; 

To verify proper operation of tlic exjx'riment and to demonstrate 
experiment-GSE compatibility. 


Test Performance: 

OfK'ration of Uic cx\H’rinient and compatibility of tlie experiment and GSE 
were verified. Test samples were heated to operating temperature. No 
anomalies occurred during Uic test. 


Test Titli ; Subsystem Test Procedure, Experiment 74-‘i5 
Procedure Number; i\l rCP-FS-.SPAR-3-6l2 
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Test Objective: 

To verify proper operation of the experiment and to demonstrate 
experiment-GSE compatibility. 

Test Performance: 

Operation of the experiment and compatibility of the experiment and OSE 
were verified. One anomaly occurred during the test. The event times of 
slider extend and retract were 251 s and 307 s, respectively. The extend time 
expected was 254 (±2) s and the retract time e^^cted was 314 (±1) s. The 
actual times were acceptable and the specifications were changed per CCBD 
SPAR 224 to bring the event times within acceptable limits. Reference 
TDR M-SPAR -3-612-1. 


Test Title; Subsystem Test Procedure, Experiment 74-48 
Procedure Number: MTCP-FS-SPAR-3-609 
Test Objective: 

To \’erify operation of the experiment and to demonstrate experiment- 
GSE compatibility. 

Test Performance: 

Operation of the experiment and compatibility of the experiment and GSE. 
were verified. No anomalies occurred during tl.e test. 



Test Title; All Systems Test 


Procedure Number: MTCP-FS-SPAR-3-615 


Test Objective: 


To functionally verify systems operational compatibility and to detect 
nonconformances to test requirements and specifications. 







. Test Perfomance: 

The objectives of this test were met success folJy. All systems were 
verified to be operational and compatible. Anomalies occurring during the 
test were: 

1. The input cable to the charge amplifier for measurement E02-MM, 
vibration X-axis, was loose. The cable was reconnected and foe measurement 
operated as designed. Reference T.DR-M-SPAR-3-615 1. 

2. Water was dumped into the lower cavity of foe TCU for both 74-18/2 
and 74-18/3 prematurely when po\wr was applied to the experbnents. The rela>s 
controlling foe solenoid \-alves to dump water into the lower cavity for cooling 
were not reset when water was placed into foe TCU roserwir. Power application 
to foe experiment allowed solenoid operation and dumping of foe water. The 
TCU’s were removed and dried :ind foe relay system i*cconfigured. Operation 

of foe TCU's during the test were normal. Reference TDR-M-SPAR-3-G15-2. 

3. The measurement range x'esistors in signal i'onditionef board A3 for 
measurements C 29-83, temperature 74-18 '3 external, and CVS-S2, temperature 
74-18/2 extermil wefc of foe wrong values pieduoing erienoous measuri'ment 
readings. The resistors in foe signal eonditiotung board wore changed (from 
IK to 46. 4K) and measurements were verified satisfactorily. Reference 

DR 1396 and TDR*s M-SPAR -3-6 16-3 and 4. 

4. The event timer for Experiment 71-63 started when pcwver was 
applied to the experiment instead of receipt of foe simulated liftoff signal. 
Elimination of foe tnvnsient paths doti'cted during subsystem testing had not 
eliminated the problem. This anom;ily was oxcrcome b\ applying power to foe 
experiment by foe liftoff relays. Refereneo DR 1414. 

5. The camera for Experiment 74-36 was operating at 1.04 femnos 's, 
out of foe specification of 1.0 iVmnes s maximum. The friune rate was 
accepfoble to foe PI. Reference DR 1U3. 



6. Measui’emcnt D06-18, space payload ambient pressure, input to telem- 
etry was greater foan 6.6 \' at ambient cMising noise on tlio telemetry oluuinel. 
Measurement was used "as is." Reference DR 1412. 








Test Title; Network Continuity Test 

r- 

Procedure Number: MTCP-FS-SPAR-3-636 
Test Objectives: 

To verify syjtems operation remains acceptable and that network 
cabling remains unchanged after installation in the payload housing. 

Test Performance: 

The objectives of this test were met successfully. No anomalies 
occurred during the test. 
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Test Title: Science Payload Preintegration Test 
Procedure Number: GTCP-FS-SPAR-3-618 
Test Objective: 

To functionally verify that no damage occurred to science payload systems 
during transporting operations. 

Test Performance: 

Science payload systems were verified to be functional. No anomalies 
occurred during the test. » 


Test Title: Integration Test 

Procedure Number; GTCP-FS-SPAR-3-G19 

Test Objective: 

To verify that the science payload and rocket systems perform as 
designed when mated. 
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Test Performance; 

The objective of this test was met success •nlly. All sj^stems were 
operated through a simulated flight sequence. Anomalies occurring during the 
test were; 

1, The science payload battery measurement. MOl-vSM, had no output 
through telemetry. The measurement monitors the battery voltage through the 
liftoff relay K16. A wiring error in the support module GSE panel simulated 
liftoff switch resulted in a constant voltage applied to the set side of tlie Kj6 
coil preventing relay operation. The wiring error was corrected and liftot^ 
relays and measurement operated properly. Reference TDK’s G~SPAR-3-6l9- J 
and G-SPAR-3-621A-1. 

2. The telemetry output of the science payload an\bient pressure r. 
measurement, D06-18, indicated a pi'essure range lower than ambient wi.® . 
sensor was at ambient pressure. Test of the pressure measurement throug 
three of six ranges with a vacuum pump showed tlie measurement would indicate 
correct pressure. The pressure measurement was used witiiout changes. 
Reference TDR G-SP\R-3-610-2. 


SCIENCE PAYLOAD VIBRATION 




The science pixyload without rocket systen;s was vibrated at proto flight 
lewis in X, Y, and Z axis. The vibration levels during tlie tost were: 

Sine Spec. — 10 to 24 Hz at 0,075 in. double amplitude 
24 to 110 Hz at 2.3 g maximum peak 
110 to 800 Hz at 5.3 g maxim ;.m peak 
800 to 2000 Hz at 15.0 g maximum peak 

Random — 19. 1 gn\ 

No science payload systems wore active during tlio vibration. All 
batteries were installed, but only Experiment 74-48 battery was connected 
electrically. The camera for Experiment 74-30, which had been subjected to 
previous vibration, wixs removed fo’’ vibration. Experiment 74-53 positive 
pi'essure system was pressurized to 1200 psi, imd Experiment 74-45 slider 
mechanism cylinder was pi'essurized to 100 psi. Water was not installed in 
the TCU reserwirs. 


Am 





Post vibration inspection of the science payload revealed the following 
ttiree discrepancies: 

1, Screw loose on cable connector clamp on cable to Experiment 74-45 
solenoid. 

2, ^ Adjustment screw was loose on Experiment 74-45 regulator. 

3, Cable connector loose on E?q)eriment 74-53 solenoid. 

The screws and connector were tightened and no nirther problems with the 
discrepant items occurred, Refei'enee TDR G-S PAR -3-Proto flight ViUauon. 


Test Title: Post -Proto Jight Vibration Science Payload Test 
Procedure Number: GTCP-FS-SPAR-3-62L\ 

Test Objective: 

To verify that science payload systems operation was not degi'aded when 
subjected to a \4bration enxironment. 

Test Performiuice: 

The objective of thii test was met successftilly. Ml sj’stems were 
verified to be operational. Anom:ilies occurring during the test were: 

1. Experiment 74-53 did not receive a signal at simulated liftoff. The 
error in wiring of the simulated liftoff GSE circuit, as discussed previously, 
prevented the signal being sent to the experiment. After correction of tlm 
simulated liftoff GSE circuit wiring. Experiment 74-53 was tested witliout 
problems. Reference TDR G-SPAR-3-62LA-1. 

2. Measurement M31-4S, 74-4S PF power output, was biased at 1.0 V 
instead of ground reference. Pin Z of Experiment 74-48 electronic package 
board No. 1, which carries regulated +15 V to tlie servo and coil power 
monitoring circuits, was broken. The voltage was I'outed to tlie circuits 
throu^i pin Y of electronic board No. 1. Retest of the experiment was 
satisfactory. Reference TDR G-SPAR-3-621A-2. 



BALANCE AND VIBRATION 


Balance 


The balance of the total payload, not including nose cone, was made at a 
rotation of 150 rpm on a spin-balance table. The lower plane for weights was 
in the rocket systems and the upper plane at 3. 0 in. below the top of the science 
payload forward extension section. The balance wei^t mounted in the science 
payload at the upper plane was 1527 gm centered at 60 deg from 0 certerline. 


Vibration (Procedure Number: GTCP-FS-SPAR -2-627) 

The total payload was vibrated in X, Y, and Z axes and vibrations of 
sine sweep, sine spec, and nmdom in each axis. The vibration levels during 
test were: 

Sine Sweep — 10 to 20 Hz at 0. 25 g peak; 20 to 2000 Hz at 1 g peak. 

Sine Spec. — 110 to 800 Hz at 3. 5 g; 800 to 2000 Hz at 10 g. 

Random Sixjc. - 20 to 1000 Hz, 0.01 to 0.10 g^/Hz; 1000 to 2000, 

0.10 cVHz. 

The science payload telemetry system and measurement module were 
active during vibration, and data transmission was monitored. No experiments 
were active. Review’ of telemetry data indicated no anomalies. Visual inspec- 
tion of the payload showed no structural damage. Vibration testing was per- 
formed witii water installed in the reservoirs of 74-18/2 and 74-18/3 and a 
flight type battery installed. Experiment 74-53 and 74-48 batteries were 
installed. Experiment 7-1-53 'Tositive Pressure” bottle was pressurized to 
12C0 psi. The leak rate of the system was less than 2 psi h. The camera for 
Experiment 74-36 was removed for vibration. 


Test Title: Science Payload Post-T& E Pre integration Test 
Procedure Number: GTCP-FS-SPAR -3-620 
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Test Objeotive: 


To verify that systems operation was not degraded when subjected to a 
vibration environment. 

Test Performance; 

The objective of this test was met and all systems were verified to be 
operational. No anomalies occurred during the test. 


Test Title: Post-V^ibration Integrated Test 
Pr.jcedure Number: GTCP-FS-SPAR-3-621 
Test Gbiective; 

To verify that the science payload and rocket systems perform as 
designed when mated. 

Test Performance; 

The objectives of this test were met. Flight type pajdoad batteries were 
used for payload power. Experiment 74-45 was inoperative during the test 
because the system could not be controlled from the GSE. Anomalies occurring 
during the test were: 

1. Experiment 74-45 furnace temperature could not be controlled 
through GSE. Components in the ex}x;riment furnace electronic control circuit 
were found defective. The components in the control circuit were replaced and 
the sj'stem verified. Reference TDR G-SPAR-3-621-1. 

2. Experiment 74-48 camera stopped operation during the test. The 
film take-up reel was not seated on the motor drive and did not take up tlie film, 
resulting in jamming of the camera. Film was replaced in the camera and the 
camera was retested s:itisfactorily. Reference G-SPAR-3-621-2. 

3. Measurement K03-3G, ciunei'a output pulse, showed erratic camera 
operation of Exi)oriment 74-36 camera for approximately 2 s. No cause could 
be found for the erratic operation. Retest of Uie camera was without problems. 
Reference TDR G-SPAR-3-G21-3. 
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4. 'nic uinbllicAl v.xmni>cU>r on <.5SE caWo W19 \wnild not lock. The 
connector was roiilacod. Roforonco TDK 

r>. One wire was loose on the ttiermistor for measuremont Cl 14— IS, 
7-1— IS cnguu'erioR fomvH.'riiUu'o. The thermistor was replaced :ind wrlfied, 

RcforeiKV IT)U C.-S”\U-3-t?21-5. 


UKND TEST 


The ix'nd test was maiV' with the science payload ami iwket systems 
mated. The Ix'nd foi\ e In increments to lSiH> lb nuiximum was i*' each 

of four axis: tX, -X. ►Y, anil -Y; The canisfor cfinhiinintt Ex^H'riltlent 74~f>3 
was pxx'ssurized to 3x' psia tluvujihout the test. The«\> w:xs no pressure loss 
front tile cc.nister. No sfru.*tui*;d dam;iiie was •icti'cted duriiX); Inspt'Ction of the 
scieiKX' ixiyload after Hie tost. 



Test ritle: Post-Ueml IntejiraUnt Tost 
I'rvKvdurc NumK'r: C rCT-l'S-Sl'.\U-^>2i 
Test xH'jective: 

To \x«rif> Uiat Uie mated scicive jxiyloail and ivcket systems oix'rate as 

lii'sijitx'd. 

Test IVrformance: 

The v>l\;ei fives of tlio test were met suciX'ssfully. All systems, except 
Exix'rinu nt 71— IS, were oix'rated Uiroujjh a simulated mission. Exvx'rinumt 
7 J— »S was satisfactorily tested prior to tlv integraU'd test ix'i* 'nilt C-SrAU-3- 
t?'JlA-2; Uierefore, ti;e work chamber was I'emovcd and ix'tunx'd to tlic IM for 
installation of Uic fli>dit sample. AiKunalies ituriii}; U\e test were: 




II lo 



2. Experimenl 74-53 event times were changed prior to the post-bend 
integrated test. Hie actual event times were a maximum of 4 s out of specifica^ 
tion. The actual event times were acceptable to the PI and the timer was used 
as set. Ket'rence TDR G-SPAR-3-621-7. 


PREL-VUNCH TESTING AND LAUNCH 



i : 
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Test Title: Science Payload Preintegration Test 
Procedure Number: WSTC-FS-SPAR -3-623 
Test Objective: 

To functionally \erify that no damage occurx'ed to science pajioad 
systems during transporting opeir.tions. 

Test Performance: 

All systems wei'e verified to be functionally operational and no damage 
had occurred. No anomalies occurred during the test. 


Test Title: Rocket 21.034 Horizontal Test 
Procedure Number; WSTC-FS-SPAR-3-625 
Test Objectives: 

To verify that the science paylc.id and rocket systems operate as designed 
and that ground support systems are readj' to support a launch. 

Test Performance: 

The objectives of this test were met successfully. All systems were 
opemted through a simulated mission. The TCU's for Experiments 74-18/2 
and 74-18/3 wei'e operated with water quench. Experiments 74-45 and 74-48 
contained flight smnplcs and were not operated through a simulated flight 
sequence. Anomalies during tlie test were*. 
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1. Times of Experiment 74-53 event timer were changed prior to the 
horizontal test. The actual event times were not as specified by the PI but were 
acceptable. The event timer was used with times set. Reference TDR 


W-SPAR -3-625-1. 



2, Measurement C81-83, temperature 74-18/3 No. 2, was noisy during 
a period of heat and w’ater quench. The noise was not excessive imd was used 
"as is." Reference TDR W-SPAR -3-62 5-2. 
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3. During Installation of the flighl t .unples in the TOL’s of E^xporiments 
74-18/2 and 74-18/3 (after comidetion of the horizontal test), the heater coils 
for nan’plos 4 and 6 of the TCU for 74-18/3 broke. The TCU was leturned to 
MtrC and ^»ew heater coils installed. The TCU was verified at .MSTC before 
oeu^^ returned to the launch site and installation into tlie payload. Ueference 
TDP. W-SPAR-3-625-3. 


Test Title: Rocket 21.034 Vertical Test 
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Procedure Number: WSTC-FS-SPAR-3-G26 
Test Objective: 

To verify the launch readiness of the rocket systems. 

Test Performance: 

All systems except Experiments 74-18 2, 74-lS 3, 74-45, and i4-!S, 
which were previously readied for launch, were operated tlirougli a simulated 
fli^t sequence. No anoimUies occurred during the test. 

The power control switch on Experiment 74-3G GSE TCU was d:unaged 
during installation on tlie launch tower. The switch was replaced and verified 
through vise during the vertical test. Referenee TDR W-SPAH-3-G2G-1. 
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Test Title: 21.034 NP Science Paylo:id Countdown and Laimch Procedure 
Procedure Number; WTCP-FS-SPAR-3-G28 
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Procedure Objective: 


To perform close-out preparations of systems and to establish the 
systems configuration and necessary conditions of e:q)eriments for launch* 

Test Performance: 

The objectives of the countdown and launch procedure were met success- 
folly^ Fli^t payload battery SN07 was used for flight. The environmental 
temperature around the science payload was maintained at 71.0*F prior to 
launch. Two anomalies occurred during die countdown to launch: 

1. The voltage output of Experiment 74-48 battery as monitored through 
telemetry was indicated to be below the minimum voltage of 24. 0 V when sub- 
jected to a load. The battery was removed and an additional charge was applied 
to the battery. After additional battery charge, the battery was reinstalled and 
tested satis&ctorily. Reference TDR W-SPAR-3-628-1. 

2. No audible sound of film advance could be detected for each camera 
shutter operation during test of Ebcperiment 74-36 camera. The camera 'A'as 
removed and the film replaced. Retest of the camera was satisfactory. 
Reference W-SPAR -3-628-2. 


WEIGHT AND CENTER OF GRAVITY MEASUREMENT 


Measurements of ineight and center of gravity were made of tiie science 
{)aj'load and rocket systems prior to mate to the rocket motor. Measurements 
taken of the payload, minus the igniter housing and nose cone, were 754 lb 
weight and 72 . 6 in. feom aft end of RCS unit for center of gravity. 


LANDLINE VERIFICATION 


Landlines between the blockhouse and launch tower were verified to be 
operational prior to science payload testing on the launch tower. 
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DR/TDR 

Number 

1386 

1396 


1395 


1414 

1413 

1412 


DISCREPANCY REPORT AND TEST DISCREPANCY 
REPORT SUMMARY 

POST-MANUFACTURING CHECKOUT 


Date 

Written/Closed 


Descrtptlon/Disposition 


11/7/76 

11/9/76 

11/12/76 

11/12/76 

11/12/76 

11/12/76 

11/12/76 


Support module voltage regulator shorted to case. 

Closed — Voltage regulator repaired and 
re verified. 

Measurement C 78-82, temperature, 74-18/2 
external, indicated wrong temperature at 
ambient. 

Closed — Resistor changed in signal conditioner 
board to provide measurement with correct range. 

hleasurement C29-S3, temperature 74-18/3 
external, indicated wrong temperature at an bient. 

Closed — Resistor changed in signal conditioi r 
board to provide measurement with correct 
range. 


Premature starts of Experiment 74-53 electronic 
timer. 


11/12/76 Closed — Use "as is," Correct by procedure . 


11/12/76 Shutter for Experiment 74-36 caniera operated 

at 1.04 pulses/ 3 , should be operating at 1.0 
pulses/s maximum. 

11/12/76 Closed — Use "as is." 


11/12/76 Measurement D06-18, science payload ambient 

prescure, inputs greater than 6. 5 V into telem- 
eti’y causing noise on adjacent ch.oinels. 
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DR/TDE 

Date 


Nun\ber 

Written/Closed 

De scr jption/Disposition 


11/12/76 

Closed — Use ”as is." 

1401 

11/12/76 

Heater resistance of 74-18/2 TCU measured 
14.0 Q , should be 15.0 ± 0.3 D . 


11/12/76 

Closed — Use "as is. " 

1402 

‘ 11/12/76 

Heater resistance of 74-18/3 TCU measured 
10. 5 n , should be 11. 3 ± 0. 3 D . 


11/12/76 

Closed — Use "as is." 

1415 

11/12/76 

Periodic erroneous operation of support module 
relays occurred when power was applied to 
payload. 


11/12/76 

Closed — Use "as is." Correct by procedure. 

M-SPAR- 

11/7/76 

Reference DR 1386. 

3-610-1 


11/9/76 

Closed — Voltage regulator tested satis&ctorily, 

M-SPAR- 

11/7/76 

Reference DR 1401. 

3-613-1 


11/12/76 

Closed. 

M-SPAR- 

11/7/76 

Reference DR 1402. 

3-613-2 

' 



11/12/76 

M-SPAR- 11/7/V6 

3-G13-3 

11/12/76 

M-SPAR- 11/8/76 

3-614-1 


Closed, 

Reference DR 1415. 


Closed. 


Reference DR 1414. 
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DR/TDR Date 

Number Wrttten/Closed 


11/9/76 

M-SPAR- 11/8/76 
3-611-1 


11/10/76 


M-SPAR- 11/8/76 
3-612-1 





11/12/76 








M-SPAR- 

3-615-1 


M-SPAR- 

3-615-2 


M-SPAR- 

3-615-3 


11/11^76 

11/11/76 

11/11/76 

11/12/76 

11/11/76 


...J 


• 1 . 






Description/Disposition 


Closed. 

Measurement C44-36, temperature 74-36/2 
external, output was not within specification at 
ambient. 

Closed — Irvalid calibration curve data used. 
Measurement tested satisfactory with valid 
calibration data. 

Extend and retract time after simulated liftoff 
of Experiment 74-45 slider mechanism not 
witliin specification. 

Closed — Specification tolerance changed to 
bring slider meclianism opei'ation within 
specificvation. 

Measuivmont E02-MM, vibration X-axis, had 
0 V output, should be 2. 5 V. 

Closed — Cable to charge amplifier loose. Cable 
connected and measurement tested satisfactorily. 

Water leak at lower cavity of Experiment 74-18/3 
TCU. 

Closed — Relays controlling solenoid reset to 
prevent dump of water into lower cavity. TCU’s 
removed, water removed, and unit dried. Units 
retested satisfactorily. 

Reference BR 1396. 


11/12/76 Closed. 


M-SPAR- 11/11/76 Reference DR 1395. 

3-615-4 
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DR/TDR Date 

Number Written/Closed 


Doscriptlon/Disposition 



M-SPAR- ll 'll/TG Reference DR 1414. 

3-615-5 

11/12,76 Closed. 

M-SPAR- 11 '11 '76 Reference DR 1413. 

3-615-6 

11/12/76 Closed. 

M-SPAK- 11/11/76 Reference DR 1412. 

3-615-7 

11 '12 '76 Closed. 
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TEST DISCREPANCY REPORT SUMMARY 
INTEGRATION AND PRELAUNCH TESTING 


Date 

TDR Number Written/Closed 

G-SPAR -3-619-1 11/16/76 


11/20/76 


G-SPAR-3-619-2 ll/lG/76 


G -SPAR -3- 

Protoflight 

Vibration 


12/2.'76 


11/18 /7G 


Dcscription/Disposition 

Measui*oment MOl-SM, science payload 
battery voltage, read 0 V during inte- 
grated test, should have read 3.0 V. 

Closed — Liftoff relay KIO was provided 
a constant 34.0 V from the GSE to the 
set coil, preventing relay operation and 
voltage to measurement MOl-SM. GSE 
rewired and measurement verified. 
Reference TDR G-SP VR-3-G21A-1. 

Measiu'ement D06-18, science payload 
ambient pressure, indicated pressure 
lower than anib’ent during integi'ated 
test. 

Closed — Use "as is.” Measurement 
oj)erated properly wlien tested witli 
vacuum pump. 

Loose screws noted after vibration. 


I ■ ,3 

1 ‘ 1 


11/24/76 


G-SPAR-3-62L\-l 11/18/76 


11/20/76 


Closed — Screws tightened and verified 
to 1x3 tight after second vibration. 

Experiment 74-53 timer functions did 
not start at simulated liftoff. 

Closed — Liftoff relay K16 was provided 
a constant 34.0 V fro.', the GSE to the 
set coil, preventing relay operation at 
simulated liftoff. GSE rewired and 
experiment start verified. 
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Date 

TDR Number Written/Closed 


G-SPAR-621A-2 


11/18/76 


12/2/76 


G-SPAR-3-621-1 11/26/76 


Description/Disposition 

Measurement M31-48, Experiment 74-48 
RF power output, was biased at 1,0 V 
during integrated tost, should be at 
ground voltage. 

Closed — Broken pin on electronics 
board repaired. Experiment retested 
satisfactorily. 

Experiment 74-45 furnace temperature 
could not be controlled from GSE. 


12/1/76 


G-SPAR-3-621-2 11/26/76 


11/26/76 


G -SPAR-3-62 1-3 11/26/76 


ll/27/'76 


G -SPAR -3-621-4 12/1/76 


Closed — Electronic card for gi'ouud 
control repaired and replaced. Furnac 
control from GSE tested satisfactorily. 

Expeiument 74-48 camera stopped opera- 
tion during integrated test. 

Closed — Film did not take up on reel. 
Take up reel and film leplaced and 
camera retested satisfactorily. 

Experiment 74-36 camera output 
measui'ement, K03-36, showed erratic 
operation for 2 s during integrated test. 

Closed — Film replaced and camera 
retested satisfactorily. 

Umbilical. connector on GSE cable W19 
will not lock to lunbilical J12. 


12/2/76 


Closed — Connector replaced on cable 

Wi^. 


G-SPAR -3-621-5 12/1/76 


Wii'e loose on engineering temperature 
tlrerndstor for measurement C 114-48. 


12/2, '76 


Closed — Thermistor replaced and 
verified. 
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TDR Number 


Date 

Written/Closed 


Description/Dlsposition 


G -SPAR -3-62 1-6 


G-SPAR -3-621-7 


W-SPAR-3-625-1 


W-SPAR -3-625-2 


W-SPAR -3-625-3 


W-SPAR-3-62G-] 


W-SPAR -3-628-1 


W-SPAR -3-62 8-2 


12/2/76 

12/2/76 

12 , ^,/76 

12/2/76 

12/8/76 

12/8/76 

12/8/76 

12/9/76 
12/9 /76 

12/11/76 

12/0/76 

12/9/76 

12/14/76 

12/14/76 

12/14/76 

12/14/76 


Wire loose on Experiment 74-45 slider 
position monitor. 

Closed — Wire resoldere'’ ,nd verified. 

Experiment 74-53 acoustic field opera- 
tion not within specification. 

Closed — Use ”as is." 

Experiment 74-53 acoustic field opera- 
tion not within specification. 

Closed — Use "as is." 

Measurement C 81-83, temperature 
74-18^3 No. 2, noisy during furnace 
operation. 

Closed — Use "as is." 

Experiment 74-18 ''3 TCU coils for 
sample's 4 and 6 broke diu'ing samplf' 
removal. 

Closed — Coils replaced and verified. 

Toggle switch on Experiment ’^4-36 GSE 
TCU. 

Closed — Switi.'h replaced and verified. 

Battery voltage of Experiment 74-48 
battery did not indicate minimum 
required voltage of 24,0 when tested. 

Closed — Battery recharged and verified. 

No audible soimd of film advance of 
Experiment 71-36 camera when tested. 

Closed — Film replaced ;vnd cmnera film 
advance verified. 
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i'AGE BLANK NOT PH.If® 

INTRODUCTION 


The SPAR I payload, flow-n in December* 1975, contained an experiment 
.vhich had the objective of observing the effects of residual acceleration of the 
payload on a confined fluid system. The . fluid system was chosen to be similar 
in geometry and in fluid properties to a class of materials science experin.rtnts. 
The samples were composed of tw’o cylindrical sections each 2.2 cm long and 
0.6 cm in diameter (Fig. 1) . One cylindrical section was composed of pure In 
and the other of an alloy of 80 wt In and 20 \\1 ^ Pb [ 1) (F'^. 2) . The sample 
were enclosed in aluminum containers and placed in heaters. The experimental 
procedure consisted of melting the samples after the low-g portion of the payload 
trajectory had been achieved and then quenching them to solidification before 
leavii^ low-g. The returned samples were analyzed using X-ray radiographic 
techniques (Fig. 3) to determine whether flow had taken place due to the action 
of any resichial accelerations on the density-stratified liquid metal samples. 

The results are shown in Figure 4. Saniple 3 exhibited largt scale, roughly 
antisymmetric flow' with respect to a plane containing the cylinder axis. 

Samples 1 and 2 exhibited no large scale flows. These results were related to 
theoretical mooels and to gi'ound-based experiments [2), both of which will be 
discussed in some detail. The predictive value of these theoretical and experi- 
mental considerations was an open question pending a repetition of the SPAR I 
experiment. The opportunity came to repeat the ^PAR I c:qperiment and to 
extend the experiment to cover samples of different aspect ratios on the SPAR III 
fliglit. Two TCU's were made available (Fig. 5). These wore designated 


I 


H-d-H 



\ = 22an 


FOR SPAR I - ALL SAMPLES HAD d = 0.6 cm 
FOR SPAR III - I SAMPLES No. 1. No. 2, No. 3. No. 4 HAD d = 0.6 cm 
' SAMPLES No. 5 HAD d = 0.45 cm 
I SAMPLES No. 6 No. 7 HAD d = 0.3 cm 


Figure 1. Samples for the SP.VR liquid mixing experiments. 
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INDIUM 

0 10 20 30 40 SO 60 70 80 90 AT -X 100 



Figure 2. Indium ^ead cquilibriuni phase di;igr.om. 


Experiments 7-I-18/2 and 74-13/3 and were mounted in the paylcad in Uie con- 
figuration shown in Figure 6. The SPAR III experiment timeline is shown in 
Figure 7. It is noted that total experiic.ent tin^e is slightl\- shorter than for 
SPAR I, with the samples being molten for approximately ISO s. The returned 
samples were subjected to X-ray radiographic analysis to determine whether 
flows had occurred. 


EXPECTED RESLT.TS 
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The SPAR I liquid mixing experiment yicloed results cdufeistent with the 
application of a constant ?a magnitude radial force (arising fi*om residual 
rotation) on the liquid samples \iith a magnitude in the 10“® g to 10“^ gl*aQge. 

If we anticipate that the SPAR III pa3’load is subject to the same conditions," wo 
see that forces on samples 2, 3, and 7 acted parallel to the original interface 
between tl In and In-PB (Fig. 8). The fluid mechanics problem presented 
here is that of a cylinder lying on its side with a constant body force applied 
vertically. Ihe density distribution in the sample is originally given b> a step 
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function gradient (Fig. 9). The solution to this problem is not available. There 
exist analytical solutions for a situation winch can provide a model for the sys- 
tem of interest, however, if we approximate this system with a two-dimensional 
(rectangvdar) model with a linear density gradient, we can apply the nonlinear 
analysis of Corniach, l.oal, and Inberger [3j. These results are used to compute 
flow \T;locities in the neighborhood of tlie original interface and pai'allel to the 
cylinder axis of the sample. If we assume tliat tlie detectable intertice motions 
(interface velocity times experiment duration) is on the orcier of tlie tliicloiess 
of the diffusion x'egion (approximately 0.2 cm) , wc obtain a plot of interface 
motion as a function of acceleration levels for tlie various sample sizes. These 
are shown in Figui'c 10 where it may be noted that an acceleration level sufficient 
to cause an observable interface motion will be a few times 10“* g or greater. 
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9 EFFECTIVE 



DENSITY 


DISPLACEMENT 
ALONG SAMPLE 



ACTUAL GRADIENT 


MODEL GRADIENT 


DISPLACEMENT 
ALONG SAMPLE 


Figure 9. Density gradient, actiuil :md model, samples 2, 3, 7. 

The orienUition of samples 1, I, .’>, ;uid G (Fig, S) with resix^ct to a 
radially outward ciirocted force jiresonts a different fluid dmomical problem. 
'These samples are cylindriciil fluid systems with a heaiier liquid overlaying a 
liquid in a veiiicallv downward direetc'd force fic'ld. Again, we have a 
problem that is not tractable analytically. Some insight into tlie problem can be 
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gained through, first, tlie application of Raylcigh-Taylor instability theory (4J 
and then by considering nonlinear effects. The system modeled here is in a 
state of unstiible equilibrium until some perturbation initiates flow. In 
Reference 2, it was determined dmt tlie most unstable moiie corresponded to an 
antisymmetric flow relative to a plane contai’ ing the cylinder axivj. In addition, 
the grow’th rate for such a disturbance was found by apply ii^ results from 
Chandrasekhar [41 and fi'oni inviscid theory for a finite cylinder. For a sample 
2,2 cm long and 0.6 cm in dian\eter, the c-fold time for disturb:mce growtli was 
50 s for gg££= 10“® g and ?00 s for g^££= 10"^ g. This indicates that disturbance 

can grow significantly at 10”® g for this configuration in a time on the order of 
our experiment duration. 

Once the instability has developed, the problem Ix^eonies nonlinear and 
a solution for the problem does not exist. One may turn to results of experi- 
mental work by Taylor 15 j ami Wooding [6j to provide insight into expected 
results. These authors found that for long capillary tubes contaimng a more 
dens'-! liquid overlaying a lighter liqviid, a finger of tlie denser fluid petKjtrated 
a distance into tlie lighter fluid in an antisjanmelric fashion initially. After a 
i/criod of time a stiblc situition was reached (Fig. 11) which was characterized 
by the more dense fluid still ovcx’laying the lighter, bvit witli a region between 
them ha\1ng a linear densih- gracient. The 5"ilk of tlic flow was observed to 
occur rapidly \vitl\ respect to toUfl experii lont duration witli the final state 
achiewd by diffusion. This final stib* is characterized by a critical Rayleigh 
number for a linear density gx*adient in an infinite cylinder (ossonti:illy tlie smne 
results were obtiincd in Reference 7 for a finite cylinder): 


where 


Ra (critfoml) ^ 67.94 


Ra (critical) - tlie oritic;il Rayleigh number 
p = the donsiti' 
a = tlic sample radius 

6 - tlie penetration disbmee of the beaiior material imo the lighter 

’ = the kinematic viscosity 


D == Uic diffusion coefficient. 
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Figure 11. Model for predicted final state density gradient. 

This penetration depth is plotted as a function of for the three sample 
diameters in Figure 12. 

To summarize the expected siunplo ^o\v beha^•ior Uien, w e would expect, 
given a radially directed residual acceleration witli a magnitude of between 
10“* g and 10"® g, no measurable flows in samples 2, 3, G, and 7. We would 
expect measurable flows in sjunp'es 1, 4, and 5. 


-si 


RESLTl.TS OF EXPERIMEKTS 74-1S/2 AND 74-ji S 3 


The expected results described serve to explain the beha\'ior of tlio 
SPAR I experiment as well as to provide a prediction of tlie behaxior of tlie 
SPAR III samples. After opening the experimeiit cartridges and subjecting the 
samples to \isual obsor'ation and X-ray radiography, we can construct tlie 
sketch of results shown in Figure 13. The experiment p<.'iTbrmed well in 
engineering sense in that all samples melted and were quenclied at the proper 
times. Samples 4 and 5, how'ever, did not have good joints between tlie In and 
In-Pb sections so that no flow could have occurred in tliese samples. Sample 1 
experienced flow as expected and by an amoimt consistent with a radially 
directed acceleration with a magnitude in the 10"^ g to 1C~® g range (approxi- 
mately 5 X 10“^ g). Samples 2, 3, 6, and 7 experience no flow as expected for 
radial acceleration of that magnitude. In summary, Uio SPAR 111 results wei’o 
predicted by the considerations used to fully cxiilain tlic SPAR I sample results. 
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Fij^uro 12. Ponfitration fJeptli plotttjd as a function of ff>r the tnrcc sample diameters. 
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Fiffure 13. SPAR III liquid mixing oxperiincnl results. 






We can conclude that these theoretical considerations constitute a predictive 
capability (in jin order of magnitude sense) for tliese sample systems, and 
further that the flows observed here were induced by residu;il acc lerati-^ns in 
tlie 10“** g to 10“® g range and directed radially outw'ard from the payload 
cylinder axis. 
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ABSTRACT 


The formatioi. of voids and the behavior of bubbles u'ere studied during 
low-g solidification of CBr^. With the exception of a fourfold increase of 
the .temperature gradient to 20*C/cm and the use of higher purity material for 
one of the four specimens, this experiment u'as identical to the e:q)eriment 
previously performed on SPAR I. In this experiment u’e observed cylindrical 
rather than s|dierical \x)ids in the commercial purity material, irrespective of 
gravitational forces (1 g versus 10"^ g). The high purity material, however, 
shifted firom cylindrical to spherical voids in tlic low-g experiment. No lak.ge 
scale thermal migration of bubbles, bubble pushing by the solid-liquid interface, 
or bubble detachment fix>m the interface were observed. A unique bubUe 
ir.otion-fluid flow e\'ent occurred in one specimen: a large bubble moved 
downward and pushed several neighboring small bubbles. These observations 
and plans for the final flight experiment are discussed. 
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INTUODI^CTION 


This report presents tlie I’esuits of Uie SPAK 111 flight of Enj . rimcnt 
74-3(5; this flight was tlie second in a series of tliree plaiined for Uie pTOgi-am, 
The owrall objectives of tins study are to invostigato U>e effect of gravity on the 
interaction of bubbles witli solidification interfaces and to generate preliminary 
ctita caI the therm;il migration of bubbles. Siveitie objeetiws for this flight 
w-civ to ixvoat the first fliglit experiment wiUi a higher temperature gradient and 
to compare the lx'ha\ior of high purity /.one refiiu d CIU-. to tliat of commereial 
purity materi:U. The experiment;!! app;U'auis haiotioiu d eorrecll>- once again, 
and the I'^sults of :in;ilysis of Uu' flight fil;n ami lo\v-g piwessed spi'cimens aie 
described heroin. 


EXPEUIMENTAI. PIUVEIHRE 


■Vpparatus 


rhe same apparatus was emjfl.'yov* for this fligb.t a.s had been used on 
fliglit 1. Detiils of tlie d'sign and eonstruetien are given in the SP.VH I fimil 
report ll). The appjU'aPis was modified slightl\ te achieve a higher teinperatiuv 
gradient while preserving Uie samt' five.-.i»!g raU-. This moditieaiion involved 
replacing U>e ;duminiun speeimi-n noKler heater Itleek witii a slightly shortr'i* 
but otlmrwise identical unit fabrioaU'd fi\»m .'-lainh'ss sti'cL !'!ie sh->rter lengtli 
and lower tltermal conductivity of the stainless steel allowed a fourfold increase 
in tlie tcmji«*rature gradhait tt> 20'C cm. Tlje niaxiir.um temjH'iMture (at tlie top 
block) w;is pui'{Kist'ly kept low to minimi.-e the length, of '.he liquid ?e*ne at laimch 
and sutipross dt'oomiK>sition of tlie t'Ur^. 


Speeimon Preparation 

Filling of die sample tnlvs wiUi r'Ur, was eifeeted in a manner identical 
to tliat deserilx'd in Keferenee 1. i-Vr this fliehi all of Ih.e sjveimens were 
satiu'ated witli nitrogen. Two of the four s{veiineiis \,<ne eemint- eial purity 
CP) CBi '4 ;uui tlie remaining two were high purity The high purity (7.U) 

material was prepared by /.oiv refining. I’lie .ame vt'fiuing was carried out at 
Clarkson College of Technology in a nuitlifiei! Fisher Seieiitifie t'o. apparatus. 
Purification by /.one refining r»'dueed Uie ivlati\e viptieal absoi btivity of a 
0.7G M solution of CItr4 in CCI4 at 117 nm from O.db I t ' 0.000. Bromine is 
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thought to be the impurity responsible for this coloration; its concentration was 
substantially reduced by zone refining. The other major residual impurity was 
bromoform, its concentration was monitored by gas chromatogr;^)hy. Complete 
details of file purification procedures and results are gi'.’en in Reference 2. The 
CP specimens were installed in positions A and B and the ZR specimens in C 
and D. 


irimental Sequence 


The intended sequence of operations for this experiment was: 


-ji 

i '1 <- 


t -45 min 
o 

t -4 min 
o 


heater on 


heater off 


launch 


t +100 s 
o 


camera starts 


t +330 s 
o 


camera stops. 


The actual sequence followed this plan with the exception of a 16 min hold 

which occurred at t -13 s. During the hold the heaters were reactivated, the 
o 

count was reset fo t^ -15 min, and the normal sequence of operation followed. 

We chose to begin cooling file sample before launch because ground base experi- 
ments had shov.n tliat several minutes were required for a stable cooling rate 
to be established after Uie heaters were shut off. 


RESULTS 


Initial Obser\ations 


: 


During the rocket flight the apparatus functioned perfectly and the experi- 
ment v.as performed according to plan. The telemetered data show that the 
camera began operating at t^ +100 s and took pictures at a rate of 1.08 frames/s. 

A two part 16 mm mevie was made from the 35 mm x 226 exposure flight film. 
The first part w'as step printed with each original frame repeated eig^t times. 
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The second part was printed one for one. Therefore, when projected at 24 
frames/s, the movie film shows the eiqieriment speeded up by factors of 3 and 
24, respectively. A copy of this fQm has been submitted to the S‘^AR program 
office at MSFC . 


Growth and Mori 


Figure 1 shows the appearance of the specimens at lOl s after liftoff. 
Payload de-spin occurred at approximately 65 s and all accelerations were below' 
10“* at 78 s. Between 85 and 338 s no accelerations greater than 10"^ were 
present. Figures 7, 3, and 4 show how solidification proceeded in specimens 
B, C, a<id D during file low-g inter'.nl. The figures show that in specimens B 
and C ni merous cylindrical voids de\ eloped and grew. The growth direction 
was upv ird and sharply inclined tow'ard the center of the specimen. The locus 
of the inner ends of the voids defines the solid-liquid interface; this appears to 
have been rou^y hemispherical and concave towards the liquid. Voids 
nucleated repeatedly, apparently near the periphery of the sample. Figure 5 
is a transmission optical micrograph of specimen C and shows that the cylindrical 
voids ha\’e uneven surfaces and usually begin at a large (approximately 0.05 to 
0. 1 mm diameter) faceted, roughly spherical void. It is also seen that many 
small spherical voids are present which did not give rise to cylindrical voids. 
From stereoscopic observation it can be seen that the voids are totally enclosed 
by CBr 4 . They are always situated at a small distance (approximately 0,1 mm) 
in from the outer (cylindrical) surface of the sample. Figure 6 is a micrograph 
of specimen A showirg the overall distribution and morphology of the voids as 
previously described. Specimens A, B, and C all showed similar void 
morphologies. 


The fourth specimen, D, does not show the same inclined cylindrical 
v'oid morphology (Fig. 4) . From the flight photographs, it is difficult to decide 
on the number and shape of these voids. It seems, however, that some large 
voids were grown in and that they are generally of a spherical morphology. 

They are much less distinct than the spherical voids observed in fli^t I. An 
optical micrograph of specimen D is shown in Figure 7; there are indications of 
spherical voids in the flight grown portion of the specimen. It is also evddent 
in Figure 1 that at t = lOl s the interface of specimen D is more planar and more 
distinct than the interface of tlie other three specimens. Specimens A, B, and C 
had a more extensive mushy zone than specimen D. 
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Figure 1. Appearance of the spocinens at 101 s after liftoff. The specimens 
aro designated A through D from left to right. Vertical ficIuci;U grooves 
in the heat levoler IjIocU arc spaced lO mm center to center. 
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photogT{q[)h of the growth of specimen B during SPAR III. 
numbers are shown above each view; the time since 
liftoff is equal to the frame number plus 100 s. 
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lontage photograph of the growth of specimen C during SPAH in. 
Same conditions as Figure 2. 
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tage photograph of the growth of specimen D during SPAR III 
S;une condition as Figure 2, 

is 

>^)0R or/Af n 




~ ..'A 

1^ F 1 

i 

» , ' j 





r 




r- — . , 

I- — . 




- 1 



s- — ^ 


! 

I 


1 

1 

1 

1 

1 

1 ( 

' 1 

1 



:■ N 

h ■ ' 


a ' 


ysem 

■nm 

! 

' 

UJ 

^ J 

• 1 

i 

if.i 

t 

' 1 



1 

li 


3 


1 

V<'— 1 

t* ) 
dC i 

1 

^ . 


IV-11 









iTTfi *ir *^"-r‘ 1 niiimiriiilitiiiiii 






Figure 7. Transmission micrograph of voids in specinu ” D, SFA.'v 
The growth direction is from left to right, Ae meitback interface 
is at the left-hand ei^ge of the picture. 


For comparison purposes Figures 8 and 9 show die growth of two speei 
mens during a ground base simulation experiment performed Ix'fore the flif,al. 
Botli of these specimens were CP CBr 4 . Figures 8 and 9 also show the grovvtl; 
of several voids. Simultaneous optical observations showed tliLii most oi Uie 
voids were of a cylindrical morphology with the axis of tlie cj linder |ni rJlv'J to 
the growtli direction (upward). 


Small spherical voids were occasiomilly observed duri?\g Vilx)i*aUir. 
simulations, but, in general, cylindrical voids predominated. The nunitx'r i.f 
voids present was generally sr^all. These observations also held true for , 
material. Figures 8 and 9 also show the escape of small bubbles from the 
solid-liquid interface. The bubbles appear as vertical whice lines in the dai 1 , 
liquid portion of the specimen. The exposure time was 0.25 s, :uid the buuulcs 



: . 

. 





JlonUigo photograph of sixicimen B during ground base simulation 
c nt. The frame numbers are shown aixtve each \icw; the time 
[| since liftoff is equal to the frame numlx-r plus lOO s. 
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: 9. Montage photograi^ of specimen D during a ground base 
simulation experiment. Same conditions as Figure 8. 
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moved rapidly upWTirds. It was also observed during laboratory exix;rimcnts 
that small bubbles often dissolved as they v^’erc rising :uvl disappeared before 
they reached the top of the liquid zone. This was either due to increasing gas 
solubUiU’ with increasing temperature or to nonsaturation of tlie melt. 

Figure 10 shows contact radiographs of the flight and ground base 
specimens. One can bare'y see the curved cylindrical wids in tlie flight 
specimens. There arc no indications of \oids in tlie ground base simulation 
specimens. 


FLIGHT GnooNDBASE 
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Figure 10. Radiograph of CBr^ s{)ocimcn, SPAR III, deg. 
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Growth Rates 

The rate of growth of solid CEr^ during the experiment was determined 
from 8 X 10 in. prints o' tlie flight film. The position of tlie interfaeo was 
measured and plotted as a function of time. A straight line was Uien fit to tlie 
data. The sloix* of tliis line was taken as tlie giaiwl’i rate. Two features were 
measured, tlie fas*’cst deiidviCe tips and tlie locus of t!ic cmis '-f the wids. Both 
were measured along the centerline of the srxmj.>lc tube. 'Hie results from 
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SPAR III and representative ground base simiilations ai*e listed in Table 1. All 
of the ground base simulation specimens in the table were CP CBr^. For flight 
specimens A and B the voids were sharply inclined to the axis of the tube. Thus, 
their apparent vertical velocities should be multiplied by a projection fact ir of 
approximately ^/Tto get their true velocities. The voids in flight specimen C 
were also inclined, but several layers nucleated and grew' one on top of the other. 
It is seen, therefore, that the voids and dendrites grew' at approximai’ely the 
same rate in the flight specimen. It is also seen that three of the fiiglit speci- 
mens grew £^proximately twice as rapidly as the laboratory simidation speci- 
mens. This effect is probably due to modification of the thermal graoient by 
rocket spin, as discussed in the follow'i. ^ text. For comparison purposes. 

Table 2 lists average values of the growth rates observed in SPAR I and SPAR 111. 

TABLE 1. AVERAGE GROWTH IL\TES (pm/s), SPAR IR 


Specimen 

Dendrites 

Voids 

Flight A 

34 

IS 

Flight B 

32 

18 

Flight C 

34 

23 

Flight D 

17 

5 to 10 

GBS A 

13 

9 

GBS B 

15 

12 

GBS C 

16 

3.5 

GBS D 

11 

9 



j; 


TABLE 2. GROWTH RATES (pm/s), SPAR I AND SPAR PI 



V'oids ^Translucent 

Dendrites 

SPAR I Flight 

14 

110 

SPAR I GBS 

2.5 

110 

SPAR in Flight 

25 

33 

SPAR III GBS 

- - 1 

10 

14 
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Figure 11. Schematic rcprcsentution of bubble motion 
in .specimen B, SP.\R III. 


Bubble Phenomena 

A notable feature of Figure 1 is the presence of small bubbles in the 
liquid portion of the specimens. There were approximately 400 smalt (ajproxi- 
mately 0.1 mm diameter) bubbles in specimen A, 75 in specimen B, 300 in 
specimen C, and none in specimen D at the beginning of filming. Also visible 
toward the top of the riewing slot is the lou-er portion of a large, approximately 
4 mm diameter, bubble in specimens B and D. Examination of Figures 2, 3, 
and 4 shows that most of the bubbles appear to be stationary throughout the 
experiment but seem to increase in size. Close examination using transparent 
overlays and repeated viewing of the 16 mm film confirms ttiat none of the bubbles 
in A, C, and D moves, but significant bubble motion occurred in specimen B as 
can be seen in Figure 2. The direction of bubble motion in B is complex, and 
the motions occurred in two stages. Figure 11 is a scLematic representation 
of tte motion of several representative bubbles in specimen B. During the 
in*^erval betii-een t^ + IjO s and t^ + 160 s the lower edge of the large bubble 

moved downward by 0. 5 mm. The small bubbles in the center of the liquid 
region also moved downward, but some small bubbles moved upward and others 
moved sideways. The small Ixibbles only moved approximately 0.2 mm. 








Tl JIE SEQUENCE 
20 I INTERVALS 
16ITO220S 


TIME SEQUENCE 
20 s INTERVALS 
80 TO 160 < 


TIME SEQUENCE 
20, INTERVALS 
1 TO 80 I 
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Almost DO bubble motion occurred between t 160 s and t + 260 s, but at 

o o 

t + 260 s the lower edge of the large bubble began to move downward again, 
o 

The small bubbles also moved: those in the center of the field-of-view followed 
a curved trajectory downward and to the right; those at the top, very near to the 
large bubble, moved upwards. The large bubble moved 1. 3 mm and the small 
bubbles moved between 0.3 and 1. 1 mm. When viewing this motion speeded un 
by a factor of 24 on the 16 mm film, one has the distinct impression that the 
small bubbles were swept along in a fluid flow which was driven by die motion 
of the large bubble. 

The diameters of several bubbles in specimen B were measured every 
tenth frame. Typical results are plotted in Figure 12, with a least squares 
strai^t line fit to the data. One bubble did not grow but remained at a constant 
diameter; in general, however, the bubble diameters increased liitearly with 
time. Bubble diameters were not measured in specimens A and C, but had the 
same qualitative behavior. This behavior is in contrast to that of SPAR I in 
which bubbles were observed to disappear during the first 100 s as shown in 
Figure 13. 


tUML€ OiAMETCR SfEC 3 STAR lit 



TIME U> 

Figure 12. Bubble diameters as a function of time, specimen B, SPAR III. 
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Figure 13. Bubble diameters as a bmction of time, specimen A, SPAR I. 



DISCUSSION 


There are sevei important aspects of these results. Among them are 
the greater void density observed in samples solidified in the absence of gravity, 
the observation that an initial temperature gradient of 20®C'cm did not cause 
bubbles to detach from the interface or migrate through the liquid, and the &.ct 
that significant bubble pushing by the interface did not occur. All of these 
observations are identical to those of flight I, but we have now extended the 
regime to a higher temperature gradient. 

It is probable that fluid motion induced by rocket spin and de-spin caused 
some leveling of tlie temperature gradient. As discussed in Reference 1, how- 
ever, the direction of fluid motion, tlie superposed rocket thrust, and the 
specimen geometry were not conducive to comp lete homogenization of the 
temperature gradient. In addition, the pyrex tube, although isolated by vacuum 
along its length, is thermally tied to the heater blocks at its top and bottom ends. 
This will lead to some reestablishment of the thermal gradient. Crude estimates 
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of the time required for thermal reestablishment, however, indicate tliat it could 
only be partially complete in the 300 s available.* The inclination of growth 
direction in A, B, and C indicates the presence of a radial temperature gradient 
in addition tot the longitudinal one. This radial gradient persists through the 
Uight, and is probably due to the greater thennal conductivity of pyrex (K = 

9. 6 mW/cmK) as compared to CBr^ (K = 2 to 4 niW/cmK) . The lower growth 
rate in D probably resulted from better thermal contact w ith the cell walls, 
thus greatly increasing reestablishment of the therm.il gi*adient. 


Void Moiphology and Density 


Gravitational forces have not affected the void morphology in specimens 
A, B, and C &t>m flight III. Cviindrical voids were observed in both laboratory 
simulations and the flight experiment. Likewise, all of the specimens fi'om 
flight I displayed spherical void morphology wncther processed in the laboratory 
or in a weightless environment. The exception to this observation is specimen D 
for SPAR III. This zone refined material produced only one or two vertical 
cylindrical voids when processed in the laboratorj , but splierical voids were 
growm in during flight III.^ Thi?^ behavior is tt.ought to be significant for the 
following reasons. Previous wt)i'k in tliis area has related observed void 
morphologies to the freezing I'ate, concentration of dissolved gasses, and Uie 
gas (solute) distribution coefficient. The systems studied wei'e water-carbon 
d'oxide [3,4,5j and stainless steel -liydrogen [61. It is generally held witii all 
other parameters constant, a low fi'eczing rate will lead to bubble pushing, an 
intermediate freezing rate will give cviindrical voids, and a high freezing rate 
will produce spherical voids. The critic:il velocity for bubble pushing varies 
firom system to system and has not been widely studied but is tliought to be 
fairly low, approximately 5 um s for a planar interface.^ . comparison of our 
flight and ground base results. Table 2, shows that tlie \ou\ morphology seems 
to bo more affected by a change in remperatnre gradient, G, than by a change in 


1, The distance, a, from the sol'd-liquid interface to the top end of the specimen 
tube is approximately 3 cm, the thermal diffusivity, K, is approximately 
10“® ern^ s for CBr^ and 5 x 10“* cm- s for pyrex. Thus, in 300 s we hav'e 
(Kt'a^) - 0.03 for tlie CBr^ and 0.15 for the pyi'ex. Reestablishment of 
one-half of the lost gradient would require (Kt 'a‘) - 0.2. 

2. Specimen C, which was originally zone refined material, behaved similarly 
to A and B. Examination of C after the flight revealed a distinct j-eliovvish 
tinge, typical of impure material, and the presence of nuim'rous foreign 
particles. It is concluded tlu;. C was contaminated tim ing preparation and 
was therefore not a high purity materiiU. 


D. R. Uhlmann, Private Comnumieation, 1076. 
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growth rate R; i.e, , spherical voids observed witii G = 5*C/cm, R = 2. 5 to 
14fxm/s, cylindrical voids observed at G = 20*C/cm, R = 10 to 25 pm/s. These 
results are summarized in Figure 14. It is clear from this figure, that G» the 
temperature gradient in the liquid, is a potent fac^'^r in determining void 
morphology^ This was not anticipated and will be investigated further. 


VOID MORPHOLOGY, SUMMARY 
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Figure 14. Summary of observation on void morphology. 
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Figure 14 also shows that, in general, the gravity level had little effect 
on void morphology except for the zone refined material pi'ocessed on SPAR 111 
(specimen D) . The observed dependence of void morphology on temperature 
gradient might explain the behavior of specimen D. We suspect that m fli^t 
tests the initial temperature gradient is somewhat leveled by tlie rocket de-spin. 
This suspicion is founded on the observation that the gi'owth rate, R, in flight 
was almost always greater than R in the laboratory, and we assume that the 
change in R is linked to a change in G. This assumed ci.ange in temperature 
gradient might have been sufficient to cause the morphological shift to occur. 
However, this shift could also be explained on the basis of a reduction in 
buoyancy force. It is thought that under conditions in which a cylindrical void 
is marginally unstable, a buoyancy force tending to keep tlie bubble uppermost 
during vertical growth might stabilize the cylindrical void rather than allow the 
interface to pinch it off. If either of these explanations is correct then we must 
also postulate jin effect of interface morphology (i.e., dendritic versus planar) 
on void growth to explain specimens A, B, and C. These speeimens shr\ild also 
have shifted to a spherical void moi*phology during rocket flight. The greatest 
difference between A, B, C, and D is the oecurrence of a narrower mushy zone 
and a more planar interface in D. It is thought that diiring dendritic growth 
bubbles are trapped in interdendritic channels and therefore the cylindrical 
morphology is stabilized, whereas a bubble at a planar interface will be more 
exposed to the liquid. Thus, a shift from cylindrieal to splierieal voids w'ould 
be expected to occur at different values of the buoyancy force or temperature 
gradient for the two types of interfaces. These results and our interpretation 
lead us to the tentative conclusion that void morphology is dependent upon the 
temperature gradient and interface morphology, and possibly the gravity level, 
in addition to the previously recognized dependence on growth rate, impurity 
concentration, and distribution coefficient. 

The greater number of voids observed during low-g solidification on 
SPAR I and SPAR III raight be simply explained. If the same quantity of gas 
W'ere evolved and tlie same number of bubbles nucleated irrespective of 
gravitational forces, then one expects m<. re voids in the low-g specimens because 
of the lack of buoyancy forces. The buoyancy forces detach bubbles from the 
interface and sweep them out of the liquid. However, the absence of gravity 
can also lead to an enhanced nucleation rate because of the reduced hydrostatic 
head [7]. This effect may be significant in heterogenous nucleation. An 
enhanced nucleation i ate could explain the extremely large number of voids 
observed in A, B, and of sPAR III. In particular. Figure 4 shows that many 
bubbles were nucleated shortly after solidif -'ation began. Measurements of 
void length ;md growtli rate indicate that the voids first appeared s, 

which coincides with establishment of low-g. However, the location of voids 
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may simply be a reflection of the time necessary to achieve the require super- 
saturation of gas in tiie liquid after ^ ough solidification had occurred. The 
fact tliat speoimen D d*d not have many small voids but merely a few larger ones 
might be taken as evidence in favor of the heterogeneous nucleation h^’potl.esis, 
since tile purer material v^ould offer fewer sites for heterogeneous nucleation 
ajui hence would be less affected by the hydrostatic head. We are uru\ble to 
verify citlier hjpotliesis on the basis of current data. 

As a lootnote to tl\o above discussion, it was observed tliat in some badly 
contaminated a»'eas of the specimens, orange-brown pockets of bromine were 
present, but tliat none of the voids discussed were colored. Thus, we conclude 
that tile voids wei'e not a spurious result of tlie decomposition of CBr^.- 


Bubble Motion and Growtli 


The increase '.n bubble diameter as a linear function of time is not 
understood, since any surface area-related ^rfienomenon should obey a power 
law. rile simplest cxplaii;ition for tliis veha\"ior is tliat the liquid is saturated 
witli nitrogen and Jie gas solubility decreases witli decreasing temperature, 
rile combination of a power law dependence with tlio deci'casing temperature, 
lienee solubility, of the liquid might load to tlie roughly linear beha\ior shown 
in Figure 12. We can offer no explanation for the opposite behavior of bubble 
diameter in flight I. 

TIk presence of so many small bubbles in tlie liquid portion of A, B, and 
t' was t. 'tally luiexpected. The origin of tliese bubbles is unknown; they must 
have Ix'i'ii generated during tlie lOO s interval between launch ;md the start of 
picture taking. I'hree possible explanations arc thought tc be as follows: 

( .1) tile bubbles wore released by tlie .solid while being melted baci; by tlie 
spinning liquid and subsequently dispersed by fluid flow; or '2) the bubbles 
wore nueleaiod spontaneously duo to the reduction of hydrostatic head upon 
attaiiiniont of knv-g; or (3) tlie bubbles wei'e nucleated by a particular vibra- 
tiimal frequenev of the rocket motor. It is thought that (1) is unlikely since 
there ire an oxtro’iiely large number of bubbles, tliey are vmiformly distributed 
throughout Uie liquid, and tliey ax'o not situated on tlie tube wall as might t>' 
oxpeotod if Uioy wx'ro dispersed by de-spin. It is not possible to distinguish 
boiwt ell (2) and (3) , but we plan to start tlie cai lera earlier on SPAR V in 
hopes ('‘ observing the sjveit.'.ens immediately after do-spin. 

rho oxistonce of these small bubbles and their subsequent growtli shows 
ttial thi'.v are in equilibrium witli the liquid. This may occur because of the 
cooling ('f 111 iiiiti;i]ly saturated liquid or it niay be a gravity related offoet. 


- "I / - - ^ } i 
1 

f 


il'f # 


Larson [8] has shown that the reduction in hydrostatic head which occurs under 
gravity-free conditions can be accounted for by considering a reduced pressure ' > 
regime in the P-T-X equilibrium diagram. When this is done a liquid -* vapor 
field is often found to move downward in temperature. Thus, a single phase 
liquid can, iqpon reduction of the applied pressure or hydrostatie head, dcco~npose 
to a two phase liquid and vapor mixture. Variations in the pressure inside the 
specimen ampoules and the temperature in various locations in the liquid could 
then give rise to the observed variations in bubble densities. 



The absence of any uniform, sui'fa^e tension driven bubble motion in the 
liquid portion of our specimens was once again unexpected. We thinl< that this 
immobility was either due to contamination of the bubtile surface by an impurity 
- which arrested the uow or a temperature gradient insufficient to cause flow. ■ 
Earlier suppositions that the bubbles were pinned bj' being in contact '• __ii the 
tube wall have been discounted because tlie flight film show s that the advancing 
interfa.ee obscures tlie bubbles; therefore, the bubbles are on die fa: ide of the 

interface and cannot be against the nearer tube wall, and the surfaces of the 
returned samples are smooth witli ro surface voids (i.e., all of the bubbles are 
totally enclosed by CBr 4 ) . 

Recent attempts to duplicate the Young, Goldstein, and Block expexin ent 
(upon which our estimates of bubble velocities of sc\ 'al millim ■I'tcrs second 
were based) have shown once again that surface tension driven fiow occurs 
readily in viscous silicone oils [9,10), '.-H that this flow can coiuiterbalancc the 
gravitationally induced buoyancy foi'ce on a bubble. However, atiempls to cause 
this flow to occur in other materials were unsuccessful; it WvTS Ih.oaght by the 
experimenters that this lack of flow was duo to an impurity c fleet. It is curious 
that our purified sample (D, SPAR 111) had no small bubbles in the liquid. Thi ' 
may be a nucleation effect as discussed earlier, or perhaps bubbles were initi uiy 
present, v ere mobile, and migrated to the not end ol the saunplc tube in the 30 s 
bet.veen iniciation of low-g and start of the camera. The large bubble visible at 
the top of the tube old not move; however, since it was present before die flight, 
it vvould have had ample time to become contaminated 

The Marangoni numbers for the bubbles encountered in this evperiment 
are listed in Table 3; they were calculated from measured values of the physical 
properties of CBr 4 [11] and an assunted value of the tliermal conductivity, K = 
0.12 J/msk. Tlioy range from approximately .1 to 5000. Although Pc .rson 
calculates that a critical hlarangoni mmiter cl SO must be exceeded for flow to 
occur in a horizontally planar geometry [12], both the Young, Goldsti ;n, I.lock, 
and Corriell, Hardy, Cordes experiments demonstrate significant surface tension 

4. S. C. Hardy, Private Communication, 1977. 
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TABLE 3. KiARANGONI NUMBERS (Ma) FOR 
V.4RIOUS BUBBI.E DL^METERS 



driven flov»- in tx’bblos at vnry low Marangoni ’x. >'s of the order of 10"^. 
Therefore, Pearsoii's criterion is mt: applicable to thennocapillary flows in 
bubbles. An aiuUx^y is the occurrence of natural convection in horizontal or 
vertical planar geometries. In a horizoa’ie’ geometi;,', the critical Grashoff 
number must be exceedec for f>o*\- to occur. In a vertical geometry, convection 
will occur for any non-zero ' hotf nuiabcr. 

The observation c f bnlzb.c and P.v.ui r.iotion in B is .significant but puzzling. 
It seems clear tne downward rnctior cf rbe largo bubble c 'used the ot’.er 
bubbles to move. possible diiving force for the motion of the lai'ge bubble 
is surface tensioa oriven flow, but a e bubble mov“d opposite tn die predicted 
direction (i.c*., from hot to odd). Ths is reminiscent of observations of the 
motion of two phase inclusions in salt cry^iejs, which also go Ei'om hot to cold 
f 13, 141. The mechanism in that case is co:‘ plex, involving evaporation and 
conder.oatiea. surface active impurities wi o^e adsorbtion is 

U crmally activated can cause the tomperature dependence of tiic surfiicp tension 
to ,'.ange sign [IG, IG, 17 Ij this would result in a rc v''rs;il of the predicted 
direction of motion. Either of files mech;uiisms or modifications thereof might 
explain the motion of the large bubble. Coalescence could not be the driving 
force because ti:e obs-'rved motion was rciativciy uniform and low velocity, 
rather than .abrupt and rapio. Shrinkage duo to solidification and cooling could 
be c.cijcctcd to account for a maximo'ii uniform downward motion of approxi- 
mately (b.04)(G mm) = 0.24 mm. The motion observed in B was much greater. 
Siniilii-'ly, i.Kjv.n\v:u*d motion of tiie liquid is sometiiv.os observed during 
directional solidification of plastic crystals; this is thought to be caused by 
aspiration cf f'-' melt into cracks and cavities which occur during cooling of the 
solid. This »iiechanisin should, however, lea- 1 to a relativciy uniform downward 
motion oi ho liquid. 















As shown in TaUe 3, the largest bubbles have the largest Marangoni 
numbers, and they would be expected to move first as a result of surface 
tension forces. If the motion was actually driven by Marangoni Qow, then the 
major unanswered q*iestions are; why did not the other large bubble (specimen 
D) move, and what was the specific mechanism which caused motion in the 
wrong direction ? 

Subsequent to these observations, the film of SPAR I was re\iewed at 
hi^ speed. It wras noticed that the abrupt coalescence of two large bubbles at 
the interface of specimen C, SPAR I, caused a smaller bubble in the liqu' • to 
move a short distance (approximately 0.2 mm). Thus, we have another 
instance in which the motion of a large bubble caused fluid flow* and hence 
pushed neighboring small biu>tdes. These observations docunient a source of 
fluid flow- in low-^, namely, fluid utotion due to bubble coalescence or due to 
the motion of large bubbles. 


CONCLUSIONS 


1. A greater number and a greater total volun^e of voids arc present in 
specimens of nitrogen saturated CBr 4 when they are solidified in a low-g 
en\1ronnient. This is directly attributable to the absence of buoyancy forces. 

2. Tne morphology of grown-in voids was found to be dependent upon the 
applied temperature gradient. A temperature gradient of 20®C / cm results in 
cj'lir>drical voids whereas a gradient of 5*C/cm results in spherical voids, rJl 
other things being equal. The \x>id morphologj' was dependent on gravity in the 
case of zone refined material only. 

3. Reduced gravity favors easier void nuclcation and may favor easier 
bubble nuclcation in CP CBi' 4 . 

4. An initial temperature gradient of 20*C/cm does not cause bubbles 

to detach • '•m a liquid-sr>lid interface or to migi'ate to the hot end in liquid C ir^. 

5. Solidification interfaces in CBf 4 are not able to cause long distance 
( greater than 0. 2 mm) pushing of bubbles. 

6. Motion or coalescence of buWjles can cause significant fluid flow in 
weightless liquids. 


I 
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BACKGROUND 


Liquid phase epitaxy (LPE) is a method of growing crystals by bri n g in g 
a siibstrate cx'ystiil into brief contact with a melt or molten solution near its 
melting point. Low-g environment is of particular benefit to LPE because of 
the eliniination of convection during crystal growth, as well as simplification 
of the problem of initial homogenization of the molten solution prior to initiating 
crystal growth. Modest improvements in crystal quality can have significant 
technological and economic importance. 


OBJECTI\T2S 


The objective:? of the experiment are to grow an epitaxial film of gallium 
arsenide (GaAs) using the LPE technique in a microgravity environment, and 
to examine, characteiize, and determine the quality of the film produced. 


DISCUSSION 


In this experiment, two GaAs wafer substrates are mounted in a graphite 
slider move*', by means oi a piston .o bring the GaAs w^afers into contact with a 
hi^ temperature 720“ C) saturated solution of GaAs in liquid Ga. At the end 
of a 1 min growth period tl\e piston was intended to retract the slider, thus 
ending the contact between the substrates and the growth solution, terminating 
crystal growth. 

During the SPAR III flight, the furnace ai.d its control system worlaed 
properly imtil the slider mechanism with the substrate was moved into contact 
witii the growth solution. The temperature readings became erratic at that 
time making it difficult to determine what temperature was near the growth 
solutions. Post-flight inspection show’ed that the slider mechanism was broken 
during substrate contact with the solution. When the slider mechanism w’as 
withdrawn, it foiled to iemove the substrate from the gr-owth solution. 
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CONCLUSION 


A temperature anomaly and mechanical failure precluded achieving the 
experiment objectives. Modification of the slider mechanism has been carried 
out to correct tJie mechanical problem experienced on SPAR III. A post-flight 
analysis is underway to determine tlie cause of the temperature anomaly and to 
make :nodi£ications as required to prepare the experiment for rcflig^t, expected 
to occur on SPAR V, 
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ABSTRACT 


Melting and solidification of a beryllium alloy conUiining 1. 5 percent BoO 
by weight in the weightlesj environment of space has produced a new inatori;il 
not produced terx'estriallj', to o\ir knowledge, namely cast beryllinm wiMi a 
rel itiNoly uniform dispersion of BeO tln-oughout. Examination of the < ast 
material shows that it is coarse grained, altliough the BoO is not heavih 
a^lomerated in tlie fii^t specimen. Ground based ee-,.parison operiments 
show extiome agglomeration and segregation u. i.eO, resnlui:^ in large zones 
which are practi^ially free of the oxide. Se\or:il postulated h>pt't!iesos for the 
failure to grain refine the berrylJium have been formulated. These are: 

(1) spherodization of the BeC» petioles during specimen preparadun and during 
tlie molten phase of the experiment, (2) loss of nucleation poteue v through aging 
in the molten phase, and (3) inability of BeO to act as a grain refiner for 
beryllium. Further investigation with non-spherodized p:\rticles and shorter 
dwell times molten may delineate which of tiiesc hypotlieses art' \;ilid. The 
results of tlds flight experiment indicate tliat the weighdess oiuiromr.ent of 
space is an important asset in conducting research to find gram refiners for 
Ix'x’yllium and other metals for which cast disi->ersions of grain refining agents 
cannot be px'epared terrestrially due to gi-avhutionally driven si'tUing imd 
agglomeration. 







SUMMARY 


This report describes preparatory ground based research and subsequent 
scvLifUng rocket experiment wherein beryllium alloy HIP-50 was melted and 
solidified in the weighUess environment of space in the NASA Electromagnetic 
Containerless Processing Payload (ECPP) on SPAR III, During that experiment, 
successful melting and solidification was achieved. Althou^ a stiff oxide layer 
formed on the specimen due to tlie lack of a clean vacuum environment for the 
specimen in this first containerless e3q>eriment, t..e technique allow'ed rapid 
radiative cooling and solidification of the specimen and pyrouietric observation 
of the specimen surface without interference from a container or hot oven walls. 



C( \parisons with ground based produced specimens show that the flight 
specimen has a much more uniform distribution of beryllia (BeO) and is essen- 
tially unagglomerated. Heavy agglomeration and separation was produced in the 
ground based reference experiments. The results of metallographic investiga- 
tions and scanning electron microscopy are presented in the follow-ing discussion. 

It was observed that while the BeO distribution was uniform and unag^om- 
erated in the flight specimen, grain refinement did not occur and the castings are 
coarse grained. Several hyiiotheses requiring further invc '‘■jgation have been 
formulated to explain the failure to produce a relatively fine grained castirjg. 
These experiments would require a shorter dw'ell time while molcen and utilize 
material prepared so tliat BeO particles with smooth facets with sharp corners 
were present initially. 

Whereas many potential grain refining agents for beryllium agglomerate 
and segregate from tlie melt terrestrially due to (l) Stokes collisions and (2) 
velocity gradient collisions, this experiment indicates that the weightlsss 
environment of space is an important asset for conducting research to assess ^ 
the potency of these agents as grain refiners. The results show that agglomera- 
tion and separation times axe greatly extended in the weightless environment of 
space due to the reduction in collision frequency through gru.vity driven 
mechanisms such as Stokes collisions and fluid motions induced by gravity 
driven convection. 


INTRODUCTION 


Cast 'xjryllium is coarse grained and, consequently, brittle. Subsequent 
hot vorl’.ing is required to refine the grain structure before cast beryllium can 
be used foi most applications. Because of the problems in casting and subsequent 
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hot ^-orking the cast berylliur.i, powtlcr metallurgy is used. Beryllium metal 
is principally produced in Aral form by consolidating a fine powder, usually 
No. 200 or 300 mesh; that is, 77 or 44 pm, respectively, either by vacuum 
hot^ressing or by hot-isoprtssing. Occasionally, standard cold pressing and 
sintering techniques are used fo produce some material. Some cast metal is 
used after hot workii^, particularly where its puritj' and clcaiAiness cannot be 
matched by the powder metallurgical product. 

The desirability of obtaining fine grained castings of beryllimn with good 
mechanical behavior has spurred research to find a suitable grain refining agent 
for beryllium. Based on classical heterogeneous nucleation theory [1], a good 
grain refining agent should: (1) have a relatively high surface energj' between 
the particle and the melt; (2) have a low surfcice energy- between the solid and 
the particle; (3) be stable in tiie molten metal; (4) possess a maximum of 
surface area; and (5) have optimum surface character. Because of th ; lack of 
information [IJ about the majority of these paraa\eters, attention maimy has 
been concentrated on lattice riisregistry between the nucleating particle material 
and the solid. Th*' surface encrg>’ between the solid and the particle should 
decrease with decreasing lattice mismatch between parcicle and solid and with 
increasing chemical affinity between pai'ticle and solid il). Empirically, then, 
the search for grain refiners for casting has begun with lattice disregistry 
between the particle and the solid. 

Consequently, for beryllium, one logical choice of a grain refining agent 
is LcO. Addi:ionally it has been shown [2) that the grain growth stabilization 
temperature of beryllium can be raised by an oxide dispersion, the extent being 
inversely prouoi tion:il lo the particle size of the oxide dispersion. Thus, BeO 
might act as a graii. refining agent to produce fire gra’ned beryllium and to 
stabilize the grains pi’oduced, , re venting excessive grain growth at high tem- 
peratures after solidification. 

Attempts to produce castings of bervllium with a unifor .n dispersion of 
BoO, terrestrially, have not been Sv.o:-:srfiu duo to agglomeration in the liquid 
state of the oxide particles and subsequent segregation of BeO from the melt. 
Agglomeration may occur due to: (1) Stokes collisions, which arise wher''ver 
larger particles rising or settling through the mcit collect smaller particles and 
(2) gradient collisions, arising when particles are swept together by fluid flow. 
Stokes collisions require the nreseni-e of a gi'avity field, while gradient collisions 
may originate from gra\ity induced fluid flows such as convection but may also 
originate from otlier sources of fluid flow. A discussion of those mechanisms 
has been presented by Lindborg and Torsell [3j . NASA Contract No. NAS8- 
29748 has also considered those collision mechimisms in respect to agglomeratio 
in immiscible liquid systems. 
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In the wsi^Uess environment of space, the reduced gravity should con- 
siderably reduce the agglomeration due to Stokes collisions and through reduction 
in gravity driven convection may also reduce agglomeration due to gradient 
collisions, although other sources of fluid motion such as Marangoni convection 
and stirring must be considered. Thus, in the weightless environment of space, 
a uniform dispersion of BeO mi^it be obtained in cast beryllium. In light of 
these considerations, a sounding rocket experiment was flown on the NASA 
SPAR III sounding rocket. The experiment and the results of ti\e experiment are 
discussed in the following paragraphs. 


Experiment Obje ’tives 
The experiment objectives were: 

1. To prepare cast beryllium with enhanced ser\ice properties tlirough 
utilization of dispersed oxide, BeO, as a gram refining agent. Ootaining a finer 
grained casting of beryllium oaith a uniform dispersion of oxide throughout would 
produce a cast beryllium with enhanced room temperature ductility, coupled with 
hi^ temperature strength. This would elimi.iate the present problems in sub- 
sequent hot working of the coarse grained eastings presently produced to refine 
the cast structure. This goal has not been achievable in the terrestrial emiix>n- 
ment because of tiie unavoidable agglomeration and separation of BeO, as 
well as other potential grain refining agents from tlie melt. 


2. To improve the microstiucture of cast beryllium. Achiovement of a 
’inifoamly dispersed oxide phase in ingot berylliami may lead to enlninccment of 
some service properties of beryllium oven if grain refiiiement is not achieved, 
provided that grain sizes do not exceed 100 pm and do not grow when the material 
is woi'ked. Obtaining a uniformly disjxjrsed oxide phase of sub. licron sized 
particles may produce dispersion strengtlieni d cast loryllium ll:' and stabilize 
against further grain growth at high temperatures. .-Vchievcment of a imitbrm 
dispersion of oxide can also demonstrate the feasibility of casi^lng boryllivuia 
with additions other tnan BeO v'e.g., tifonium, tungsten, etc.) as possible 
grair refining agents in the weightless enviromnent of space. 


alinimum Critei’ia for Success 


To measure the success of the exp-'i'iment in terms of the txperinu ut 
objectiv rs previously discussed, a sot of minimum criforia for success was 
established. The ^ W 0 1 c # 
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1. Satisfactory melting and solidification (minimum contamination from 
atmosphere, no contamination by contact, proper shape of casting). 

2. Improved cast microstructure — presence of a dispersed oxide pha«e 
in ingot beryllium. This will also indicate feasibility of using additions other 
tlian BeO, e.g. , Ti, W (impossible in conventional melting). 

3. Improved cast microstructure — finei cast grain size. 

4. Improved service p^'operties. 


General Experiment Description 

The experimental program followed, leading up to tlie flight experi..ient, 
accomplished the necessary preliminaries to the flight experiment, includ'.ng: 

1, The Selection of the flight specimen composition. 

2, The establisnment of cleanliness requirements during the melting and 
solidification, particularly with respect to water vapor and oxyg-n. 

3, Ground based reference experiments, I'epreser.ting the best attempt 
to simulate, terrestrially, tlie conditions of melting, cooling, and solidification 
occurring during the flight. 

The specimens obtained from the ground based reference experiments are the 
basis of comparison between the results of the flight experiment in the weightless 
environment of space and what can be achieved terrestrially. The results 
obtained in these ground based reference experiments were compared with 
previous experim.ents conducted in beryllium casting at Kaweeki Berylco 
Industries (KBI) and also with the results r f experiments conducted on NASA 
contract No. NAS8-29626 [4], 

After establishing the necessary preliminary data, the flight specimen 
composition w'as selected (li IP-50 KBI alloy) to be a hot isostacically pressed 
beryllium alloy containing 1.5 percent BeO by weight. The flight experiment 
consisted of melting and solidification of a specimen of this composition in the 
ECPP developed for the SPAR program. The results of this experiment wore 
then compared witli that obtained from the ground based reference experiments 
perfonned. 
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G round Based Experiment Description and Apparatus 


Experiments In the terrestrial envirom. .nt were perfoimed in either a 
hot wall fiimaoe at KBI or in the General Electric breadboard apparatus at KBI. 
The hot wall furnace was used to prepare x range of compositions of specimens 
by melting and solidifying a rarge of compositions of hot isostatieally pressed 
beryllium alloys. The BeO content was varied from 0.6 tc 4. 5 percent BeO by 
weight. Melting and cooling curves were obtained by optical pyrometry. As the 
thermal time constant is large in this feirnace, the rapid heatiiig and cooling 
capability of the LOPP cannot be duplicated with tliis furnace. The ■ , mi no wa ■ 
were these initial furnace experiments intended to serve as the gr.jund based 
r-'terence experiment. They did enable the grain size, agglomeration r.i BoO,- 
and homogeneity of product as functions of the initial composition auJ slower 
temperature-time kinetics to he studied. The metallographic t tudies oi these 
specimens, reported in the folowing test, enabled the flight specimen composi- 
tion to be chosen, i.5 pel cent BeO by weight (KBI HIP-50 • Uoy) on the basis 
of smallest particle size obtained. All of these meltings were conducted with 
laboratory grade argon as the gaseous environment. 

The General Electric breadboard apparatus was used to conduce the 
ground based reference experiments for melting and solidification of the HIP-50 
beryllium alloy. The breadboard chamber contairs a duplicate of tlie cusp ceil 
and r.f. tank circuit used in the fli^t chamber. This apparatus is (as it is 
named) a breadboard of the ECPP, with a somewhat larger levitacion chamber. 
The chamber can be evacuated to 10*^ ton* ano filled witli high purity argon 
through a small vacuum/gas supply system designed for this pui 'ose. A mass 
spectrometer such as the VEEC ) GA-4 •-si 'cal gas er;ilyzer ma\ be ooupied. 
into the chamber to study the residual gases e. sent in tiie chianber ’>rior to 
and after filling with high purity argon. 

Two ground based reterence experiments, dmhcatiivg msofar as is 
possible terrestrial^ the flight experiments, were performed .n this appai'atus, 
heating, melting, ana solidifiing a soccimen cithe Kli; HIP-5; beryllium :illoy 
in tlie presence of high purity, resea -vr. griulc ;u ;’oi;. rhose expo', mients were 
performed at KBI s iaboratox'y in P ading, Pem.sylvmiia in saic faefiity for 
beryllium, utilizing the breadboa’ d appaiacu^. The fticoimens (0.922 cm in 
diameter snheroicic, of H>P-50 auoy) were sting mounted on l iingsten sting in 
•he cusp coil. The specimens arc heated and ir tod as m tlie tligbi, a^^paratus 
by the i*.f. induction field ot the ce il. Because i.vv> Ilium is a ’•igbr n, till 
(density I.S IS gm cm^) enough lovit itio;i force is providcvl d o i-e.i aiippoit 
the specimens and tliev do not P.osv down tlie si.iig; or iall wium 'm lied. Ti"i'- 
perature 's observed with a brcadlx)ard pvTom.etci. which is a Juplicat of Jie 






fli^t pyrometer, and a disappearing filament pyrometer looking through the 
observation port down onto the specimen throng the mirror system provided 
in the chamber for this purpose. The >x:rformance and results of these experi- 
ments are described in the following text. 


Flight Experiment Description and Apparatus 


The fligiit experiment consisted of melting and resolidification, xmder 
18 psi of reseai'ch grade argon, a 0. 922 cm diameter, spheroidal specimen of 
HIP-50 ueryllium alloy, containing 1.5 percent BeO by weight, in the 
•• 'ghtless environment of space. The experiment was performed in the NASA 
tOPP flo\Mi on NASA SPAR III. A schematic of the ECPP is shown in Figure 1. 
Figures 2 and 3 show photographs of the ECPP and the levitation chamber, 
xospectively. 

The specimen is suspended in the electromagnetic field of the cusp coil 
and heated and melted by induction heating from the electromagnetic field of the 
coil. The cusp coil consists of adjacent coils having opposing alternating 
magnetic fields. The potential well in which the specimen is confined is 
symmetrical about the vertical axis and roughly shaped as shown in Figure 4. 

An active servo positioning system is utilized to maintain the specimen in the 
center of the coil system against accelerations during the flight and to damp 
out oscillations of the specimen in the coil system. During the low power mode, 
after heating and melting, the specimen solidifies with very little stirring. 

The rocket-borne apparatus is described in the Ehid Item Specification, 
SSL-ECPP-001, prepared under NASA Conti*act NASS-30797. Drawings of the 
apparatus are referenced in this document. Mechanical, electrical, and 
ftmctional interfaces with the rocked and prelaunch check-out equipment are 
detailed in the Final Interface Control Document, SSL-ECPP-009. Further 
information on the rocket-bome apparatus may be found in the final report for 
NASA Contract NAS8-30797 and the Experiment Implemenlation Plan for 
Containerless Processing of Beryllium prepared for NASA Contract NAS8-31963. 

The processing chamber was cleaned, ev'acuated, and baked out for tw'o 
days at 180* F. Mass spectrometric analysis of tlie residual gas shcw'ed less 
than 50 f^m of water vapor and oxygon present after evacuation before filling 
with research grade argon. The research grade axgon used contains less than 
2 ppm of oxygen and 3 ppm of water vapor, and was dried by passing through a 
cold trap with liquid nitrogen as the coolant. Thus, the water vapor and oxygen 
content of the gas was sufficiently low enough to prevent excessive oxidation 
of the specimen. 
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Figure 1. Electromagnetic levitation furnace. 
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The experiment sequence is controlled by a timer, \\4iich switches full 
power on 50 s alter launch of the sounding rocket^ when weightlessness has 
been established, and then into i low powered mode approximately 160 s after 
launch, so diat the specimen may solidify. The ECPP is full automatic in 
operation wlien the timer sequence is initiated. A movie camera records the 
heating, melting, and solidificatf'vn on film and a solid state, silicon detector 
records temperature data acting as a photometer. A full record of visual and 
temperature data is dius obtained. The perfoimance and results of the flight 
eTqieriment are described in the following tex.:. 
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Ground Based E^xperiment Results; Basic 
Metallurgical Studies 

Ground experiments performed were: (l) basic metallurgical studies 
and ( 2) ground based reference experiments. The basic metallurgical studies 
were performed in a hot wall furnace at KBI in commercial grade argon. With 
this furnace, the fiistest cooling rate attained was 85”C/min and cooling rates 
varied 45*C/min to 85®C/min. Beryllium, with compositions of 0,6, 1.5, and 
2 percent BeO by weight, were melted and solidified in this furnace. The 0.6 
percent and 1. 5 percent BeO alloys were high purity while the 2 percent BeO 
alloy was commercial purity. All of the alloi's considered were prepared by 
hot isostatic pressing of powders and arc standard KBI alloj's. 

Castings of these compositions were made of 0, 922 cm diameter 
spheroidal specimens on a ceramic plaque (BeO) in the hot wall furnace. The 
basic metallurgical studies established; (1) a gravity effect on the BeO, show'ing 
agglomeration and settling, with the highest concentration of BeO at the bottom 
of each solidified specimen; (2) some retained BeO in the castings; (3) grain 
sizes of the order of 500 pm. The best castings with hipest retained BeO and 
smallest grain size were with the 1.5 percent BeO by weight composition 
(HIP-50 alloy). Consequently, this composition was selected to be the flight 
specimen composition. The agglomeration and settling observed were expected 
as this has been the previous result of terrestrial casting experiments. Retained 
oxide in tlie castings, however, w"ds encouraging. As these experiments were 
preliminary to the ground based reference experiments, no detailed SEM analysis 
was made of the oxide distribution. Smaller grain sizes were found at the 
surfaces of these castings not in contact with the ceramic plaque, where the 
specimen cooled fastest by radiation. They were not small enou^, however, 
to be of significance (less than 100 pm would be significant) . 
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Grotmd Based Refcrenoe Experiments 

Tt>e ground based reference experiments, performed in the General 
Electric breadboard fecility constitute the beat attempt, terrestrially, to 
diigdicate foe flight e:qx>rimont. These experiments were performed witib 
spheroidal specimens oC the ivBI HlP-50 alloy, at^roximately 0. 922 cm In 
diameter at a pressure of 1 torr of research grade argon. The results of 
these experiments constitute the reference comparison between what can be 
achieved terrestrially and what can be achieved in the weightless 4nvlnnunent 
of space , utilizing aiH><tratus identical in essential aspects to foe fli^t e:q)ert- 
ment apparatus. 

Figure 5 shows foe heating mid cooling curve as observed by a dis- - 
appearing filament pjTometer iKiring foe cxixjrlment. The specimen wim sting 
mounted upon a tungsten-rhenium thermocouple. Temperature-time data were 
recorded fix>m the breactooard pyi'ometor and the focrmocouple. However, the 
breadboard pyrc""”tcr saturated before melting and the thermocouple data were 
not reliable due to poor contact between thermocouple and specimen. The 
disappearing filament pjTometer dafo arc reliaUe however and, consequently, 
are the data presenfod. 


Grain Size and MoiDhology 

Preliminary experiments, comiuefed by induction melting small beryl- 
lium samples of a mass approximately equal to foe flight specimen geometry 
in a glove box, were characterized bv microsUncture evaluation Tfoese 
specimens consisted of K'rv Ilium alloys wifo from 0.6 to 4.5 pc.ccnl BeO by 
weight. The variables investigaU'd were: (l) anvount of BeO, (2) puri^, (3) 
atmosphere (argon or vacuum) , (-1) dwell time in foe molten state, and (5) 
surface condition. 

Heating and cooling rates were lueasimed by optical pyrometry. The 
ma:vimum cooling rate obst'rv~ed was min. This is atti'lbuted to foe 

relatively large mass of the ftirivice, susceptor, ;md crucible used. Suivertieat 
obtained was 70 to 100’'C. R<>ealescenee was observed on freezing of all melts 
with the exception of one at an app;*.vent tVeezing temperature of 1200 to 1220*C. 
It was also observed foat an approximately 2 pm Ite(> surface layer formed on 
all pieces regsu'dless of purity ami IVO content. 
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Figure 5. Time temperature curve tor gr 







All specimens produced Wei's large grained with an average groin size 
of 500 pm. Voids were left where low melting impurity phases had melted out. 
Figure 6, taken with polarized li^t, shows Ihe typical microstructuio produced. 
Figure 7, taken in bright field, shows the voids present. From these studies, 
two compositions were selected and these wei o 0. 6 and i. 5 percent BeO by 
wei^t. His^ purity specimens of these compositions were solidified in the 
previously mentl<med iacUity with cooling rates approximately 65 to 80*C/min 
and examined metaUc^raphically. The 1.5 percent BeO material showed the 
smallest grain size observed in the interior of the S|>ecimen. In constrast, the 
0,6 percent BeO specimen showed a relatively fine grain size near the surface 
and extremely large grains in the interior. Therefore, the high purity 1.5 
percent BeO material was chosen as the flight specimen material. 

The flight and ground based experiments w’ere conducted on material cut 
from a sln^e pressing. Table 1 shows the mechanical properties based on an 
average of six tests, and Table 2 shows the grain size and riiemistry. Two 
melts were inncle from the flight material using the previously mentioned 
facility. The measured cooling rate of both melts w-as 60*C/min, Figure 8 
shows tlie starting pressed microstructure, and Figuie 9 shows the micro- 
structure after melting and solidification. 

Two experimental melts were made in the General Electric breadboard 
facility using flight specimen meteriai machined into 0. 922 cm-diameter s'lheres. 
Microstructure evaluation confirmed results of the previous werk which wes a 
relatively large grain size (thougli somewhat smaller than previously foimd) and 
development of porosity. Figure 10 (polarized light) and Figure 11 (bright field) 
show the typical grain size and shape suid the voids, respectively. These two 
experiments constituted the ground based reference experiments for comparison 
with the fli^t specimen microstructure. 


Oxide Particle Disfributions 

Using scanning electron microscopy, U\e oxide particle distributions in 
the gix)imd based reference specimens were characterized. Figure 12 is a 
montage of one of tlve specimens made up from SOX SEM micrographs after 
sectioning and metallogvapluc preparation. It is tla' result of tlie experiment 
duplicating (insofai’ as possible) tlve fligiit experiment, terrestrially. It is 
observed that gi'oss a^tglome ration mid segregation of BeO havx' occurred. - 
The dark areas are virtually "cleared out" of oxide, whereas tlic white areas 
contain heav>' agglomerations of oxide. Ground based reference specimen No, 2, 
which was melted and solidified at a slower rate, exliibits Uic same behavior 
showing gross agglomeration and segregation of I’.eO. 
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Figure G. Tjpicid iiiicrostructure produced from preliminary fuimace 
experiments with i:iP-3>) alloy. Magnification is lOOX. 

T-ilwn with polarized liglit. 



rigux'e 7, Hright liidd !nieiograpli showing voids producc'd from 
preliminary furnace .•x|K riments with IIIP-50 ;illoy. 
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TABLE 1. MECHANICAL PROPERTIES OF HIP-50 ALIOY BILLET'. 

BILLET NUMBER 75044A 


Grain Size 
(^m) 

Ultimate 

TensUe 

Strength 

( 

Yield 

Sti-ength 

(l;si) 

— 
Elongation {%) 

3.0 

SS. 2 

00, 2 

4.2 

(Based on 

(Based cn 

(Based on 

( Based on 

metUlographic 

a\crage 

average 

average 

measurements) 

of 0 tests) 

of 0 tests) 

of 6 tests) 


TABLE 2. CHEMICAL PURITY OF BILLET NUMBER 
750-MA (II IP-50 ALLOY) 


BoO 

1.591 by weight 

C 

390 ppm 

Fc 

■150 ppm 

A1 

S5 ppm 

Si 

33 ppm 

Mg 

21 ppm 

Ni 

SS ppm 
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xiting pressed niicrostx*ucture of HTP-50 alloy, 
Magnification is 800X. 


Figure 9. Micro structure produced from preliminary furnace 
experiment with HIP-50 alloy material cut from flight 
billot. Magnification is iOOX. Taken with 
polarized light. 
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Figure lu. IMicrostnicture produced from ground based reference 
experiment Ko. 2. Magnification is lOOX. 

Taken with polarized light. 
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Figure 11. Bright field micrograpfi showing voids produced from 
ground based referenre ("nifrinient No, 2. 
^!agniBc:ltlon is fOOX. 




Figure 12. Montage of 30X SEM microgi’aphs of ground based reference 
specimen No. 1, reduced to size for reproduction. White regions 
are heavily agglomerated regions. D:U‘k areas are 
clc.lred out regions . 


Detailed SEM studies to magi'ifications of 30 OOON were made of the 
various regions comprising each specimen. An ovei’lay was made for each 
specimen and the regions labeled alphabetically. Figures 13 tluough 1C show 
region A of ground based specimen No. 1 witli magnifications lOOOX, 3000X, 

10 OOOX, and 30 OOOX, respectively. This is a region ol moderately heav^ 
oxide concentration, having a volume fi'action of 2 percent, determined by 
Quantinvet Analysis, for the lOOOX inicrogi'aph. As can be seen in the 30 OCOX 
micrograph, the oxide networks are composed of agglomeiatcs of small oxide 
particles ranging in size from 0.02 to 1.3 pm. 


f igures 17 through 20 show region B of ground based specimen No. 1, 
with magnifications lOOOX, 2000X, 10 OOOX, ;u.u 30 OOOX, respectively. This 
is a region almost devoiu of oxide, lavIng a vokmw U’;u..on of 0.002 percent 







ORIGINAL PAGB lb 

OF POOR ouAura 


Figure 13. SEM microgra.[^ of Region A at lOOOX magnificaticH). 
Region is not heavily ag^omerated. 


Figure 14. SEM micrograph of Region A at 3000X magnification. 
Region is not heavily agglo.nerated. 
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Figure 15. SEM micrograph of Region A at 10 OOOX magniOcation. 
Region is not heavily agglomerated. 



Figure 16. SEM micrograph of Region A at 30 OOOX magnification. 
Region is not heavily agglomerated. 
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Figure 17. SEM niicrograpli of Uogion B at lOOOX magnification. 
Region is virtually raid of all oxide but one composite piirticle 
composed of oxide particles collected by collisions. 



Figure 18. SEM micrograph of Region H at :u'i)ON magnification. 
Region is virtually void of all oxide but one composite particle 
composed of oxide p;.rticles collected by eollisions. 






Figure 20, SEM micrograph of Hogion 1> at :t0 ODOX magnification. 
Region is virtually void of all oxide but oiii,' oompoyiti particle 
composed of oxide panicles collocfod by collisions. 


Figure 19. SEM microgi'aph of Region B at 10 OOOX magniCcation 
Region is \irtually vx>id of all oxidi' but one composite particle 
- composed of oxide particles collected by collisions. 





for the lOOOX micrograph, determined by Quantimet Analj'sis. Figures 21 
through 24 show region I of ground based specimen No. 1. This region is one 
<^f hea\ily agglomerated oxide. Ground based reference specimen No. 2 is 
similarly made up of regions of heavy oxide agglomeration and regions devoid 
of such agglomeration. 

Figfures 25 and 26 are plots of the oxide volume fraction determined by 
Quantimet Analysis of identified regions of ground based reference specimen 
No. 1 for lOOOX and 3000X micrographs. Figures 27 and 28 are corresponding 
plots for ground based reference specimen No. 2. The fluctuations observed in 
volume fraction are indicative of the gross segregation of oxide observed in the 
terrestrial experiments. The differences are so large that four decade semilog 
paper were required to display the plots of volume fraction per region. The 
plots were normalized by volume fi action of region occupied by the type of BeO 
structure exhibited and to the initial BeO distribution tK'fore melting. 


Flight Experiment Results 

The flight experiment, flown on December 14, 1976 from White Sands 
Missile Range, performed the melting and solidification of a 0. 922 cm diameter 
spheroidal specimen of HIP-50 beryllium alloy containing 1.5 percent BeO, 

’•nder 18 psi of research grade argon, in the weightless environment of space. 
Table 3 shows the Major Event Record constructed from the telemetry records. 
Despite the failure of one of the power amplifiers 139.4 s after launch, the 
experiment operation proceeded as planned. The amplifier failure reduced the 
amount of superheating obtained. The major variable in the experiment was the 
weightless environment of space versus the terrestrial 1-g environment. The 
equipment operation is fully discussed in the final report for NASA Contract 

NAS8-30797, w'h’’ch w'as the hardw-are contract for construction and delivery 
to NASA ol the ECPP. Only the pertinent aspects of equipment operation as 
regards to the experiment will be discussed herein. 

Figure 29 is a macrograph of the specimen after solidification. As it 
was spheroidal before melting, there has been considerable shape change induced 
by the electromagnetic field configuration of fiie cusp coil. The specimen has 
arsumeo the "equatorial bulge" shape characteristic of the cusp field as 
pi, .iously discussed. The stiff oxide layer prevented the specimen from 
issuming the spherical shape dictated by surface tension while molten when the 
power is turned down to initiate solidification. The cracks normal to the surface 
about the equatorial ridge are evident in this photograph and in the view shown 
in Figure 31. Figures 30 and 31 are other views of the specimen. Possible 
explanations for the cracks are shrinkage or mechanical stresses supplied or 
a combination of the two. 
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REFERENCE 
SPECIMEN NO. 1 


REGION OF SPECIMEN SAMPLED 


Figure 26. Oxide voUmu' Iraeiion i)iodiu t'tl from Qiuintimet AivUysis of 
3000X SEM niicrosivaph.'^ for ground Inisod roforenoe specimen No. 1 
after nonmili/ution to tot;il volume fraction occupied by each 
t>7X' of IV’t' .'Structure exliibitcd ami to tlie initial 
distribution tvfore inching. 
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REGION OF SPECIMEN SAMPLED 


Figure 27. Oxide vohunc fraction produced from Quantii.iet Analysis of 
lOOOX SEM micrograph.^ for ground based rofcrcrce specimen No. 2 
after normalization to total '^olume fraction occupied by each 
type of BeO structure cxiiibilcd ;vnd to the initi.al 
distribution )y;fox-o melting. 
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REGION OF SPECIMEN SAMPLED 


Figure 28. Oxick' vohui\e fraetion produced from Quantimet Analysis of 
3000X SEM micrographs foi' gi’ound based reference specimen No. 2 
after normali/ation to total volume fraction occupied by each 
tjT3c of ReO sti'ucture exliibited and to the initial 
distribution Ix'foro melting. 
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t 

t -50.5 

Event 

0 

0 

Launch sigiuii 

50.5 

0 

Power on, specimen oscillations noted 

85.9 

35.4 

First reading from solid state pyrometer 

94 

43.5 

Solid state pvTometor reaches asymptotic reading 
nearly in saturation 

121.3 

70.8 

Shape oscillation signal completion of melting 

139.4 

SvS. 9 

Power reduction signal ( 33'7 ), ;.attcry voltage 
increase 

159.7 

109.2 

Initiation oi low powered positioning mode 

169. 

118.5 

Attainment of low pciwered mode 

261 

210.5 

Loss of telemetry signals 





Figure 3U. Specimen end view 
witli shrinkage ca'/it 3 \ 
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Figure 31. Oblique view from approximate 
angle of view by movie camera. 






some of the external markii^s on the specimen {^parent in Figures SC « 
and 31 may be Indentntioos caused by the r, f. work coil. It is obvious from 
botti the telemetry i ta and the movie record that the' specimen did not contact . 
the coil untfl^fterJtlia.i'cooIed below a dull red heat, except, possiUy, at the 
distant of sudden .f -ape change at ti.. moment of complete melting. Thd stiff 
oxide coating would have retained these markL.gs. After the spacim'^n had 
cooled below the self-luminescence temperature (during reentry); iorces 
between tlie specimen and the coil would not have been sufficient to cause' such 
indentations, becau.se the only a'.n.uable force %ould have been the inertia of - 
the specimen which comd have reached only approximately 70 gm imdor an 
assumed 70 g rocket impact, .. 

. hiring the experiment a record of the vents were recorded on film by 
■'e motion picture camera provided, and temperature -time data we"e recorded 
by telemetry signal from the fli^t p 5 ’Tometer. Since the pyrometer tempera-, 
tiue range was not smficiently broad to include the superhea*^ region, this; 
poition of the record was not obtained. The measured melting interval and 
cooling ciu’ve will bo discussed in Appendix A 

Telemetry and motion picture records show that the ECPP performed 
wt.ll tlic task of hoatmg, melting, and positioning Uie specimen. This is 
discussed in detail in the NASA C'ontract No. NAS8-30797 final report. Aside 
from possible initial contact witli tlic coil during the sha^ie change upon melting, 
the specimen was at any otiier time in contact with the coils and was stably 
positioned while molten. The experiment proceeded in all essential aspects as 
planned. The results are discuSs^ed in ti.e following test. 


Grain Size and Morphology 


t 

In addition to the surface shape and marliings described elsewhere in 
this report, macro study revealed the presence of a single .shrink hote and many 
surface cracks 'Tig. 29). Study of the microstructure (Figs. 32 and 33) 
revealed a relutivel}'^ large aAvrage grain size of 700 fun, porosity, and twinning 
and cracking. .Although twinning can bo induced during sectioidng.. it is most 
unusual that of the 17 large grain .“ized specimens sectioned, tiie flight specimen 
was the only one clacked and tw'iraied. 



With the \’ei*y large grain size evider : in the flight specin.on, neither 
grain refinement of the o 'vUium nor retardation of grrin growth .was obtained, 
although -iotailed analysis of tlio dispersion of BcO showed that tl e BeO was 
unagglonierated and uniformly dispersed throughout tlie melt. This will be 
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discussed in a later section. It must be concluded, in li^t of the previously 
mentioned results, that tiie BeO dii net io re tine die giain structure and 
that the minimum criterion of improved microstructure throu^ obtaining a fine 
grained casting (grain size less than 100 pm) was not obtained. 


Oxide Particle Distribution 


Figure 34 is a montage of 30X SEM micrographs of the Qight specimen 
after sectioning and metallographic preparation. It is c\ident that there are no 
cleared out regions devoid of oxide in the fli^it specimen. There is a darker 
band with less oxide present, but Quantimet Analysis shows that there is still 
considerable oxide present in this region. Figui*es 35 tiirough 38 show the oxide 
distribution at magnifications cf lOOOX, 3000X, 10 OOOX, 30 OOOX, respectively, 
in the lifter region and Figures 39 through 42 that in the darker region. Pious 
of the volume of oxide for different regions at lOOOX and 3000X, respectiroly, 
obtained by Quantimet Anali’sis are shown in Figures 49 and 50. It is evident 
that even in the darker region, the oxide level is high although below that of the 
HIP-50 powder metallurgy starting material. 

It can be seen that die oxide networks are made up of oxide particles in 
size ranging from 0.02 to 1.3 pm. Figures 43 through 4G show tlie oxide dis- 
tribution typical to the HIP powder niofcUlurgj' material at magnifications lOOOX, 
3000X, 10 OOOX, and 30 OOOX, respectively. It is evident diat the oxide networks 
in the darker region of the fli^t specimen are most like those of the starting 
material, even thou^ the flight specimen is co:u'se grained and the p<owder 
metallurgy material very fine grained. This is a very encouraging result as in 
this region the oxide network structure did not change much, even thoui^h die 
specimen was molten. It will be observed tliat the volume fi'action I'esults 
obtained by Quantimot cculd be plutleu on linear graph paper. There are no 
cleared out areas devoid of oxide. There are also no very white areas with 
heavily agglomerated oxide. In every region of the specimen there is appreciable 
oxide content and no gross agglomeration and separation are evident. 

It was determined by microprobc :ui:dysis (8EM mici’oprobe attachment) 
that silver flakes are present in Uic specimen surface oxide coating, and there 
are silver inclusions on the sectioned surface the flight specimen. These are 
shown in Figures 47 and 48, resjx'ctively. It was determined that the silver 
inclusions were a polishing artifact on the following basis: 

1. The silver pai’ticles ai’e sharp faceted. Ha l thej" been present in tlie 
molten beryllium, they would have eiUicr gone into solution in the beryllium or 
been spherodized. 
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Figure 36. SEM micrograph of lighter region of flight specimen at 3000X 


Figure 37. SEM micrograph oflighvtr region of Qighc specimen at 10 OOOX 





ijiure ;U). SKM mu’io^r.'ph »)l ibrki'r n>p,i(»n of flij;ht sjx'cimcn 
;it iOtU)\ m;uiniGc;ition. 
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Figure 38. SEM micro^xraph of lighter region of Qight sivcimen at 30 OOOX. 






Figure 40, SEM niici'ogi\tph of dirker region of flight specimen 
- at 3000X magnification. 


Figure 41. SEM micrograph of darker region of flight specimen 
at lO OoOX magnification. 
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Figure 42. SEM n.icngraph of darker region of fli^t specimen 
at 30 OOOX magnification. 


Figure 43. SEM micrographs of initial oxide distribution before 
melting in IllP-aO alloy at lOOOX magnification. 







Figure 44. SEM micrographs of i. itial oxide distribution before 
nie.dng in llll’-5& :illoy at 3u00X magnification 


Figure 45, SEM inicrograplis of initial oxide distribution before 
melting in IIIP-50 alloy at 10 OOOX m.igiiification. 
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Figure 46. SEM micro.ui aph of initial oxid»_* distribution before 
mfelting in lllP-aO alloy at L’O dOOX magnification. 


Figure 47. Silver flakes on surtiee oxide* coating of specimen, 

M 'l .tieation liuox. 
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Fisruro -IS. Silver inclusions in specimen 
Magnification 2000X. 


A ti'anowrse section to tlic section whore tliej" are present did not 
re\eal any silver inclusions in the specimen. The silver on the specimen 
surface oxide aiaUng is not a polishing artifact but;Uso had to be deposited 
after solidification. Otlierwiso it would have dissolved in the beryllium or 
spherodized on the surface (silver molts at 9Gl*C). 

Most of tlie solder used in Uie ECPP conhiins sUver :ind, while still hot but 
solid, the specimen rattled around in the coils :md Uie ECPP was shaken 
considerably during U>e reentry and impact witli the grotind. The silvei in the 
foim of Qakes wns vlepos»t,.-d on tiie specimen during this periotl and was not 
present during the exivi iment and is believed to have had no effect on the 


ANALYSIS OF EXPEIUM ENTAl. HESl’LTS 


An examination :md comparison of the Quantimet plots of wlunu' fi’actlon 
of PeO for different ivgions of Uie gi-ound based s^vcimens and tlie Qight 
specimen (I*igs, 2«, 2>'', ‘20, 00, -19, aU) show tlie Qight specimen is much more 
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REGION OF SPECIMEN SAMPLED 

Figure 49. Oxide \x)lume fraction produced from Quantimet Analysis cf 
lOOOX SEM micrographs for flig^it specimen No. 1 afteT 
normalization to total volume fraction occupied by 
each t 3 Tje of BeO structure exhibited and to 
the initial distribution before melting. 
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Figure 50. Oxide volume fi’action produced from Quantimot An;ilysis of 
3000X SFM micrographs for flight specimen No. 1 after 
normalization to total volume fraction occupied by 
each type of BeO structure exliibited and to 
tlie initi:il distribution before molting. 
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uniform in oxide distribution from the ground bused spv,*cimons. The flight 
specimen has no regions devoid of oxitle or regions filled with oxide ,'S has both 
ground based reference sr '’imens. The reason for tliis is postulated to be the 
weightless environment of space, where the g-level has t- '>n reduced to 10“^ g 
during the melting and solidification. The Stokes collisions (Appendix B) are 
reduced for a gi\ i distribution of par'icle sizes dii-ectly in proportion to the 
reduction in g-level, and the separation time is ’nversely proportion;!! to the 
g-level. Hence, on the basis of Stokes collisions alone, Uie time for agglomera- 
tion and separation to occur should be greatly extended in tlie weightless 
environment of space. 


Collisions due to fluid motion (gradient collisions), which may arise due 
to stirring, gravit3" di'iven convection, or I.hu'angoni convection (surface tension 
driven convection), act to speed up agglomeration and sep;iration. In tlie weight- 
less enviromnent of space, gravity driven convection is greatly reduced, but the 
other sources of fluid motion are not. What this experiment indicates is that the 
major mechanism for agglomeration and separation of BeO U’om the melt m;iy 
be Stokes collisions, as the stirring forces ;uid Marangoni eonu'ction are 
essentially tlie same in tlic ground based ;uid tliglit experiments. 


The C03’*se grain size of the ground based reference specimen :uid the 
flight specimen indicate that the BeO present did not act as a grain refining 
agent for berylliimi or Uiat after soJidificaition it did not pi'ment excessive grain 
growlli while still at high temper;!tm’es. Retuining to the criteria previously 
stated for a good grain refining agent, possible reasons for this ;irc cither the 
particles are not stable in tlie melt, do not (lossess a m;iximum of svirface area, 
or do not have optimum surface •character. Ex;imination of the oxide networks 
in tlie IlIP-50 alloy (Figs. 43 to 40) shows th:!tevcn b.'fore melting, tlie particles 
tend to be rounded and without shai*p flicets. It nuiy Ix' possible Uiat as a result 
of tlie long molten dwell, the particles clumge tlieir surface cliaracter as well 
and become inactive as sites for heterogeneous nucleation; however, this could 
not be observed at 30 OOOX. An optimmn surface ehiiracter [1] might be a rough 
or pitted surface. 


Prevention of •. xcessive grain growtli after solidific:ition, while still near 
the melting point, depends gre-itly on tlie oxide particle size. While the HlP-50 
alloy has stability against gr;iin growtli ttniiixirature ;ilmost to tiie melting point 
of Ixiryllium, furtlier agglomeration while in Uit molftni state (even in the weight- 
less enviromnent) could lower the st:ibiliiv temperature signiftcantly. Work 
reported [2] indicates tliat the finest particle size attainable is required to 
prevent grain growth at temperatures near Uie melting {xiint (O.tUifijiiii niediim 
particle size). Attention must be given to this aspeet in future work. 
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CONCLUSIONS 

The experiment results show that it i‘ feasible to obtain a uniform dis- 
persion of BeO in a beryllium casting in the weightless environment of space. 

This is a now material which, to our knowledge, has not been prcKluced in the 
terrestrial e»ivironment and is of interest both scientifically and technologic.dlv. 
In terms of the minimum criteria for success, those for satisfactory melting 
and solidification and impi*oved cast niicrostructure (presence of dispersed 
oxide phase) were met. The criterion for improved cast micro structure (fine 
grain size) was not met. The criterion for enhanced service properties has 
not been met as yet because of failure to acnievc an improved cast inici-ostructure 
(fine grain size) . 

As a stop fnrvkard in producing cast beryllium with imprc wd-service 
properties, tlio material produced delineates an approach Co be joiiowed for 
further resc.irch into the action of BeO as a grain refining figent for Ixjrylliuru. 
This approach is as follows: 

1. To utilize b ryllium sLirtiug material witli nonspborodi -ed BeO 
particles dispersed tliroughout. This can be a>.hieveri by elimination of tlie final 
step in the production of HlP-50, the high temp.ratiuv dwell at 1950*F (10SS*C). 

2. To dwell for a much shelter time while molted daring tlie experiment. 

Additiomilly, tne experiment should be performed at vo Ssnre (1 torr) 

to reduce the observed 2 to 5 percent porosity in the caecing. 

If a subsequent experiment wiUi BeO particles that lU’c not spheiodized is 
performed :ind -iiin refinement does not residt, tlien seiious questions are 
raised concerning the ability of BeO to act as a grain ivfinmg age»u. in tint 
event, tlie weightless enviTOnment of .pace is ide:il to test tlie potential of 
several other additions as grain refiners. One such addition is titanivuii, which 
foniis a beryllidt' in tlie n olt. Attempts to utilize titanimn as a grain refining 
agent may have failed terrestri:illy also because of agglomeration and separation 
of toe beryllido from the melt. Another such addition would lie tungsten. 

Failure to achieve gr;un ivfinenient witli a particular agent, chosen on 
the basis of lattice disregistry, may moan tliat otlier factors are of overri ling 
consideration such as surface area or surface character or grain growtli after 
solidification. If grain growtli is so rapid that grain refinement is not achieved, 
tlien the number of nucleating particles Iveomes of great importance ratlier tlian 
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sur&ce area or sur£sice character. In that case* so many particles may be 
Inquired that mechanical properties may be greatly impaired even with grain 
refinement. Testing of all of fiiese factors is important to exidaining «^y or 
why not on agent is successful as a g^rain refiner. Such experiments conducted 
in the weightless environment are the oidy practical metfaofls of testing these ' 
hypotheses^ as terresU'ially agglomeration and separation are encountered. 
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APPENDIX A 


THERMAL ANALYSIS 


Although the pyiomcter was in s.itarutiOn dui'ing the melting ...J 
molten dwell, enough data were obtained from the telcmetrj' records :uiu C.e 
cooling curw to reconstruct Ihe heating, melting, and cooling profile. The 
flight record of events was presented in Table 3. I'lio heating and cooling 
curves obtained from the flight pyrometer are sliown in Figures A-1 and A-2. 
From analysis of the data available, the temperature-time curve shown in 
Figure A-3 was constructed. The solidification time after power down was 
28+5, - 0_s. 

A computer model of the solidification of tlie beryllium specimen was 
exercised to determine whether or not die assumptions made about how the 
berj^Uium specimen solidified were reasonable. This model assumes that the 
specimen solidifies inward from ino surface, losing heat at the surface by 
radiation. The remaining liquid at :uiy time is assumed to be well mixed and 
at the melting temperature. Outputs from the program are: (l) the advance 
of the solidification front in time :ina (2) the decrease in surface temperature 
with time. The progranx can treat a sphere, a cylimter, or a slab. As the 
remaining liquid is isotnermally at the melting tenqxjraturc, heat is extracted 
thi'ough the solid crust to the surface, where it is lest. jFigures \— t through 
A-9 show t!«e results ot calcul;itions for a sphere of 0.922 cm dia or, 
a cj'linder of 0.922 cm diameter, and a slab of 0.922 cm tliickness. 

Comparisons with the experimenbil curve shown in Figure A-3 show tliat 
the calculated time that agrees closest is for the spheric;il geometry, l)ut the 
sh:ipe of the cooling curve is closest to that of the shib. The ».;Uculated solidifica- 
tion time for the sphere is 31 s, which is witliin tlic error of determination of the 
time for solidification oxperimenbilly. As tlie shape of tlie specimen is 
pheroidal with an f'quatorial bulge, its geometry is closest co that of Uie sphere; 
consequently, the :igrcement in solidification time is reasonable. The location 
of the shrinkage cavity shows that the specimen did not solidify syinmefrically 
as is assumed for the e;deulation. This is tlie hypothesized reason for tlie 
disagreement in the shape of the cooling curve, which is closest to that of the 
slab geometry. 

As the computer model uses the known v.ilues of thermal conductivity, 
latent heat of fusion, and emissixity for molten beryllium ^emissivity for 
oxidized beryllium) , the results indicate tliat it miglit be possible to extinct 
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thermodynamic data from solidificatiory-:wves of levitated metals if the shape 
of the specimen and the details of soli(‘ *%tion are known. This might be 
accoiiit.!bueu throug^i the use of an imat. » array pyrometer to simultaneously 
display the specimen and follow die solidification hmnt. 







Figure A-1. Pyrometer telemetry signal, heating curve 










Figure A-2. Pyrometer telemetry signal, cooling curve 
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figure A-4. Temperature (wall) for a sphere 0. 922 cm in diameter, 









Figure A-5. Solidification front for a sphere 0. 922 cm in diameter. 
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Figure A-7. Solidification front for a cylinder 0. 922 cm in diameter. 
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APPENDIX B 

AGGLOMERATION AND SEPARATION OF BEUYLLIA 
FROM BERYI.LIUM MELTS 


Agglomeration Uiid reparation are hypothesized to occur primarily due 
to collisions bet>\’een BeO particles in the melt. These collisioiis occur 
due to (1) the settling of BeO particles due to their density difference in the 
melt and (2) fluid motion s»veeping BeO particles together. The first is called 
Stokes collisions. The larger BeO particles, settling fastest, collect smaller 
particles. The second is called velocity gradient collisions and collisions occur 
between particles of equal size as well as particles of miequal size. 

Lindbox'g and Torsell [S' developed a statistical model for tliose tjpes 
of collisions. Using their results, agglomeration and separation times of 1 min 
or less are likely for BeO particles ranging in size from 0.2 to 1.3 urn ii\ 
specimens of berj'llimn melted in the terrestrial environment. In the weightless 
enviromnent of space, where tlie accelerations due -o gravity are . ed”cod by a 
factor of 10^, tiic frequency of Stokes collisions is X'cduced pi'oportionate!';. as 
tile velocity of settling is directly pxxxportional to tlio .icceleralion due to gravity. 
While all fluid motions, i.e. stirring, are not reduced in tlie weightless environ- 
ment of space, fluid motion due to gx'avity driven convection is n-ducod. Thus 
agglomeration and sepax'ation times might be extended to periods of miuiy hours 
or days in the weightless envix'onment of space. It is hjpothesized tliat the 
much more uniform dispersion obtained in tlie flight specimen duo to the 
reduction in collision frequency for BeO particles in the weightless envaronment 
of space. 
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INTRODUCTION 


The purpose of this investigation is to study die contact and coalescence 
of viscous and viscoelastic bodies. A number of industrially important or 
potentially important material processing schemes rely on an understanding of 
contact and coalescence idienomena. Perhaps the most obvious is die production 
of cfiramic objects by sintering (1]« In most such cases, the principal flow 
mechanism is creep, not viscous^flow [ 1-3]; nevertheless, the results of this 
investigation should be of considerable interest. Specifically, recent progress 
fay Ashby and others [3] in clarifying the operative mechanisms (Nabarro- 
Herring creep. Coble creep, viscous flow) , and the time dependences of 
sintering in various regimes of the parameters encourages the present effort. 
Our analytical solution [4] of the Nabarro^errirg creep sintering of two 
spheres of unequal size also encourages our theoretical sqiproaches to the 
viscous coalescence problem. 

llie thermal processing of phase separating glasses often involves the 
contact and coalescemie of discrete second phase droplets and is already of 
some industrial importance [ 5-7] . Controlling the properties of phase 
operated glasses by deformation processii^ of melts w'hich are already phase- 
separated is an intriguing possibility vhich has been the subject of a number of 
development studies [8,9]; here, again, coalescence is important. 

The contact, ag^omeration, and coalescence of polymeric particles 
during melt processing under the influence of capillarity, pressure, and shear, 
is an important industrial problem vdiich vrould benefit firom the proposed study. 
Polytetrafiuoreth^enc (PTFE, or Teflon) is processed in powder form under 
heat and pressure, in viiat is essentially a viscoelastic sintering situation [10], 
and an improved understanding of contact and coalescence jdicnomena should 
be helpful. 


In addition to the type of mass transport process involved, sintering is 
also classified into three stages, the first includes the early stages of neck 
growth, during which the particles remain distinguishable as individuals. The 
second stage is that of densification and grain growth. Here, the pores are 
roughly cylindrical and the necks between particles are quite large. In the final 
stage, the pores are isolated and approximately spherical in shape. 


Kuezynski [11] and Thummler and Thomma [12] have reviewed the 
various theories for the initial stage of sintering. In general, the rate of 
initial sintering for a variety of mass transport meehanisms ean be written as: 
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a^re X is flie radius of die neck, a is the radius of Qie spherical partides, 
t is the elapsed time, and n, m, and F( r) depend on the mechanism of 
sintering. 

The rate law for viscous sintering is based on die analysis of the 
coalescence of two spheres by Frenkel [13). This worker derived the relation: 
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where 


F(T) - * (3) 

Here, y is die surface tension and t) is the viscosity. This exp' ^sion for the 
sintering rate was obtained by equating the decrease in surface eiiergy widi die 
rate of energy dissipatimi (as heat) due to viscous Cow of the liquid. While 
these results arc- widely used, the derivation of Frenkel used, a very approximate 
flow field in calculating the energy dissipation (a flow field of simple uniaxial 
contraction was emplo 3 'ed) . Further, it is difficult to apply the analysis to the 
coalescence of spheres of unequal sizes. 

The flow field used in Frenkel's derivation is certainly incorrect for the 
coalescence of spherical particles; but more accurate analytical treatment of 
the problem is very difficult. One of the major goals of this investigation is a 
more accurate description of the growth rate of necks between particles for 
viscous sintering. This theoretical work will be combined with observations of 
the coalescence of viscous drops under neutrally buoyant and microg^avity 
conditions. 

The general form of the rate law, X^/a = F(T)t, has received some 
experimental verification (14, 15] for viscous sintering. In diese experiments, 
however, it was not possible to verify the quantitative accuracy of the expression 
for F(T). The following section reports experiments designed to test Frenkel's 
rate law and to obtain empirical descriptions of the rate of neck growth for the 
coalescence of viscous spheres in neutrally buoyant systems. 
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EXPERIMENTS IN NEITTRALLY-BUOYANT SYSTEMS 




A series of sintering experinieiAs have been performed using viscous 
spheres suspended in neutrally buoyant solutions. Two drops of a viscous 
liquid were suspended in a density gradient in the buoyant solution. The shapes 
of ttie drops were then recorded on movie film sequences taken during coales- 
cence* and the {footographs were measured to determine ttie boundaries of the 
spheres and the rate of growth of toe neck region. 

The viscous fluids used in these e>q[)criments were Dow Coming 2c o 
silicone oils with viscosities of 5000, 10 000, and 20 000 centistokes (cs) . 
Droplets of the oil were suspended in a water-methanol density gradient. The 
silicone oils were not soluble in the methanol or toe water. The preliminary 
esqperiments reported here used drops of 2cc and 4cc ( 10 ) . 

Initiation of the coalescence of the two spheres was prevented by a layer 
of methanol-water solution which would only slowly flow from between flie two 
spheres (17|. It w'as i^essary to hold the two spheres together for several 
seconds before the coalescence would begin. Tongs made from notebook paper 
were soaked in toe methanol -wrater solution and used to hold the drops together 
until coalescence began. The silicone oil wetted and stuck to tongs made from 
otoer materials, including Teflon. 

Figure 1 shows the square of the nock radius as a function of time for 
two 2 cm^ drops of 5000 cs. Dow Corning 200 fluid in the methanol-water 
neutrally buoyant solution. Because of too difficulty in initiating coalescence, 
the experimental data begins at a neck radius of approxintately 0. 33 cm. The 
experimental data are compared with the Frenkel equ;ition, X^/a = 3y/2i) t, 
discussed in the previous section, witlt the experimental data and the Frenkel 
equation nom\alized to the same value at X" = 0.1 cm*. As seen in Figure 1, 
the slope predicted by Frenkel is very different from the experimental ckita, 
and overestimates the rate of sinterii^ by approximately a factor of 3. 

In addition to the assun\ed sin\ple flow field, the relation of Frenkel was 
derived using small angle approximations.* 1 - coso « 1^2 and a ^ a^. 

Here, 0 is defined in Figure 2 and a^ is the radius of the original drop. This 

approximation is usable only for o < 30°. Vanocne [1S| following Manson and 
co-workers (19J has extended Frenkel's derivation and obtained a relation 
which is valid over a wider range of 0 . Their result is the following: 
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dt 4 

\diere u = 1 - cose. This expression can then be integrated numerically to 
yield as a fimction of time, which is also plotted on Figure 1. The ejqteri- 
mental data agree much more closely with the integrated Frenkel equation than 
widi the original Frenkel equation deri\’ed using a small an^e ai^roximation. 
Despite this closer agreement, it should be noted that the experimental data 
indicate to increase linearly with time, while the integrated Frenkel equation 
[Equation (4) ] indicates a decictedly nonlinear dependence of X^ on time. 

The integrated Frenkel equation was derived using the same flow field 
proposed by Frenkel; i.e. , a flow' field of simple uniaxial contraction, similar 
in form to that for a viscous rod which is extended by forces applied to its ends. 
This flow field is obvio' sly a poor a[^roximation to the actual flow field involved 
in viscous sintering. The fact that varies linearly with time for both the 
original Frenkel equation and the experimental data may w'ell be fortuitous. 

It is planned to calculate an improved equation to describe viscous coalescence 
using the boundary motion of the drops as they coalesce to derive the actual flow 
fields and the resulting viscous dissipation. 


4^'^® (1-ai) (1+u)^'^^ (2-u)^^^ (2+u)“^ 


It is also planned to perform the experiment in a microgravity environ- 
ment with the surrounding fluid air rather than the buoyant methanol-water 
solution, since the present experiments in the meUianol -water solution are 
subject to likely physiochemical effects [20] . For example, flie interfacial 
tension in a region of curvature in a multicomponent system can differ from 
that measured in simple static measurements. The interfacial tension can be 
a function of position in such a systein, with unknown effects on the coalescence 
behavior. Such effects will not be significant in the experiments to be carried 
out on the SPAR flights. 


SPAR m EXPERIMENT 


The experiment flowa on SPAR III was designed to study the viscous 
coalescence of a New'tonian fluid. Drops of the fluid were to be injected into an 
acoustic levitation chamber, where the drops would meet and coalesce. The 
coalescence would be filmed so that the contact and coalescence could be studied 
by measuring the motion of the boundary of the drops as explained in the previous 
section. 



A drop diameter of 5.3 mm (a volume of 0,1 cm^ Avas chosen based on 
die criterion that the droplet would be large enough to photograph e:isily, but 
as small as possible to reduce the time required to form the drop. More 
importantly, the change in surface energy due to coalescence should be large 
compared with the kinetic energy of tire drops when tlv*y collide. As an example, 
the force required to detach a drop from a No. 27 gauge needle is approximately 
3. 1 dynes. If die force falls off linearily with distance, the drop will have a 
kinetic energy of approximately 3 ergs when it reaches the center of the energy 
well. When the tao drr^s collide, half that energy, 1.5 ergs, will be dissipated 
in the collision process. By comparison, the change in surface enetg)' of the 
two 0. 1 cm^ drops as a result of opalescence is approximately 9. 3 ergs. It is 
essential that the kinetic energy of the impacting drop be as small as possible 
compared with the change in surfiice energy in tire coalescence process. While 
the relative energies given hero as examples are acceptable, the second experi- 
ment is being designed to reduce further the kinetic energy of the drops. 

The SPAR III experiment w’aj chosen using what was believed to be the 
smallest needle (to reduce the detachment force) and the largest possible drop 
(to increase the change in surface energy during coalescence) which can be used 
in the 260 s of microgravity conditions offered by the reseai'ch rocket. The 
experiment flown on SPAR III used a No. 27 needle, and intended to form a 
0. 1 cm^ drop with an injection rate of 0. l cm^ in 30 s. Because of a last-minute 
change in the \iscosit>’ of the fluid without a corresponding change in the wltage 
supplied to the drive motor, the actual injection rates are slightly faster, 
approximately 0. 1 cm^ in 24 s. 

The timing sequence of the experiment is given in Table 1. The experi- 
ment was designed to make 3 drops, twx> 0. 1 cm^ in size and one 0. 2 cm^ in 
size. During the fonnation stage of the droplet, the acoustic Icwl was in the 
low^ position, Ij. The acoustic level w-as turned up after 10 s to the higher level, 
I 2 , to detach the drop. The acoustic field w'as designed to trap Uie drop at the 
center of the p 01 enti. 1 l well to await detachment of the next drop :uid tlie 
subsequent cotilescence. 

As a result of the low-g test of tlie experiment run on a KC-135 flight in 
the second week of September, it was noted that tlic acoustic field was apparently 
not sufficient to prewnt tlie drop from climbing the needle, as had pre\iously 
been expected. After detailed consideration of the problem and :ui extensive 
scries of experiments in the laboratory, it was decided to install an air nozzle 
on tlie flight experiment. The air nozzle as shown in Figui'e 3 was designed to 
keep the drop from climbing the needle as it grew. The combined force from 
the air nozzle and the high setting of the acoustic field (Ij) was considered to be 
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TABLE 1. SPAR III EXPERIMENT SEQUENCE 


Time After Launch 

(s) 

Function 

90 

Acoustic field to I| (low) , light on 


Injector start, air nozzle flow on 

112 

Injector off (0. 1 cm® expelled) 

130 

Acoustic field increased to Ij (hi^) 

144 

Injector on 

145 

Acoustic field increased to I^ 

170 

Injector off (0.1 cm® expelled) 

183 

Acoustic field increased to I 2 

200 

Acoustic field decreased to I^, injector on 

249 

Injector off (0.2 cm® e^qjelled) 

271 

Acoustic field increased to Ij 

286 

'coustic field decreased to 

298 

Power off 




i 


J 


Note: All settings i3 s. 


adequate tc detach the drop. These forces were measured by Intersonics on | 

nylon spheres using a pendulum technique. The forces are giver in Table 2. | 

Unfortunately, there W'as not sufficient time to do extensive testing of this design > 

concept before the flight. Our analysis of the problem coupled writh the results ; 

of the bench testing which wras feasible in the short time period led us to expect | 

f f'autiously) success for the experiment. | 


i 

The results of the KC-135 flight also demonstrated the damage of pumpii^ I 

the fluid too rapidly throu^ too small a needle. In the KC-135 flight, no drop \ 

was formed; instead, a jet or stream of fluid was forced from the needle. The | 

smaller injection rate of 0.1 cm® in 30 s chosen for the SPAR III flight was ; 

ch''cked in the laboratory using a neutrally buoyant solution of methanol-water * 

to simulate tlie low-g condition. | 


I 
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TABLE 2. MEASURED FORCES ON SIMULATED DROP 


Drop Diameter 

Acoust 

ic Field 

Air Nozzle 

h 

h 

5.3 mm 
7 mm 

0,88 dyne 
1.2 dyne 

1.76 dyne 
2.4 dyne 

1.85 dyne 
2.4 dyne 


The stages in drop formation observed in this work are shown schematic- 
ally in Figure 4 for 5000 cs. Dow Coming 200 silicone oil injected at a rate of 
0. 1 cm® in 30 s. Approximately 5 s after the injector was started, a droplet 
begins to form at the end of the needle. The droplet grows in size until approxi- 
mately 20 to 25 s, when a stream of fluid breaks out from the drop in a short 
loqp. When the injector is turned off after 30 s, the loop of fluid coalesces 
into the drop as the fluid slowly stops flowing from the needle. The same 
general behavior was observed to occur at a flow rate of 0.1 cm® in 24 s. The 
slow start of the fluid flow, the breakout after only 20 s, and llie delayed 
stopping of the fluid flow were associated with the elasticity of the nylon tubing 
used to connect the injector to the needle assembly. 

As a result of this series of tests, it was decided to substitute 5000 cs 
fluid for the 12 500 cs fluid which had been previously decided upon for use. 

The 5000 cs fluid formed a drop with less danger of streaming occurring. As 
mentioned earlier, it was discovered approximately fi /e days before launch 
that the substitution of the 5000 cs fluid for the 12 5O0 cs fluid raised the 
injection rate to 0. 1 cc. in 24 s. It was decided that the faster rate would be 
acceptable. 


DESCRIPTION OF FLIGHT FILM 


As explained earlier, the results from the experiment are contained in 
the film which is made during the experiment. From the film, it can be seen 
that the fluid flow starts slowly with a small drop of fluid forming on the end of 
the needle. When the drop reaches approximately 1. 5 mm in diameter, the drop 
is blown off the end of the needle by the air nozzle. The drop is too small and 
traveling too fast to be captured by the acoustic field. The drop continues 
across the experiment chamber and out of the field-of-view. Subsequently, 
another small drop is formed at the end of the i>eedle and blown off. As fluid 
flow increases, a jet or stream of fluid is formed. This stream of fluid extends 
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Figure 4. The formation of a drop of 5000 cs fluid in 
a neutral buoyant system. 

across the acoustic chamber and out of the field-of-view. When the injector is 
turned off, the stream of fluid ceases; again small drops are formed at the end 
of the needle and blown off. The same phenomenon happens for each of the three 
injection cycles. 

None of the photographs from the film are included in this report because 
of file poor quality of the film. The film appears to have been overexposed by 
one or two f stops, although incorrect development could also account for the 
apparent overexposure. The film is sufficient, however, to indicate that the 
experiment was not successful despite nominally correct functioning of the 
apparatus. 
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SPAR III EXPERIMENT CONCLUSIONS 


The coalescence experiment conducted on the SPAR III fli^t did not 
succeed because of the failure of drops of the desired size to form at the tip of 
the injector needle imder microgravity conditions. This has since been asso- 
ciated with the fluid being pumped too fast tl.rough a small needle. For this 
reason, a stream of fluid was formed rather than the desired drop at the end 
of the needle. In addition, the force on the drop from the air nozile was too 
large, causing premature detachment of small drops. 

To solve the problem of drop formation, both fteoretical analysis and 
experimental studies of drop formation are presently being conducted. The 
magnitude of the force necessary to detach a drop from the needle is being 
calculated; and the results will be combined with measurements of the force 
exerted by the air nozzle on the drop. The measurement of this force is 
difficult; and based on the results of SPAR III, the measurement may have an 
imforeseen systematic error. Hence, it is desirable to check the air nozzle 
operation under simulated use conditions on a low-g plane flight. 

The problem of forming and detaching the drop is complicated by the 
requirement that tlie velocit 3 " imparted to the drops must be less than a few 
cm sec“^. It is proposed to solve this problem by using a large (No. 20 or 
No. 16 gauge) needle witii a small diameter (0.006 in. diameter) wire extending 
out from the interior of the needle. With the large needle, drops rather than 
streams of fluid should be formed at reasonable flow rates. It is planned to use 
an air nozzle to push tlie drop off the needle down onto the wire. The viscous 
drag of the drop moving along the wire should dissipate any momentum v'hich 
the drop acquii’e during the detachment from the needle. The force exerted 
by the air nozzle must ue a very short range force for this procedux-e to be 
successful; and it is believed that such a force can be provided. 

It should tlien be possible to detach the drop from the wire with a force 
of only slightly more thim one djne (for the 0,006 in. wire). In this way, the 
needle -and -wire combination should allow the formation of drops at reasonable 
flow rates and also permit a gentle detachment of the drop. 

It is planned to conduct a sex’ies cf low-g plane flight to test five concept 
previously described and to measure accurately the required experinrental 
parameters. The first low-g plane flight in this series was flown successfully 
on February 25. The flight was successful in establishing bounds on reasonable 
flow rates for various needle sizes. 
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This series of low-g experiments will provide the necessary experimental 
parameters for the next flight experiment, scheduled to be conducted on the 
SPAR V flight. It is presently anticipated that the following changes to the flight 
apparatus will be needed; 


1. Since the force exerted on the drop depends on the drop size, the 
apparatus t hould provide four possible settings of the acoustic power and three 
possible settings of the air blower. Both the acoustic power and the air blower 
may need a given setting for the formation stage of the drop and a different 
setting for the operation of detachment. 


2. Improvement in a quality of the film. The flight film was one of 
generally poor quality. Specifically, the use of a negative film will be evaluated. 
Such a film could be printed to give the copies and the necessary prints for the 
data reduction. The transducer should be painted flat black, and reflections in 
the chamber should be reduced. 

3. Provision for switching the camera on and off so that a higher film 
speed can be used. The frame rate of 24 frames sec“^ used on the SPAR IP 
flight is not adequate. 

4. Provision of telemetry of the injector cycle and the air oressare Uj 
the air blower nozzle. 

5. Use of copper tubing rather than nylon tubing and the possible use of 
a solenoid to shut off the fluid flow should be investigated. 

6. Design and fabrication of a pressure-fill apparatus to fill the syringe 
assembly and reduce the possibilit 3 '^ of trapped air bubbles. Such a pressure-fill 
apparatus will make servicing the apparatus much easier by eliminating the 
present overnight vacuiun-fill procedure. 

The configuration and detailed design parameters of the SPAR V experi- 
ment \vill be determined from the results of the low-g plan flight experiments. 

At “^hat time, the necessity or advisability of the proposed changes previously 
lis d, as well as changes in needle size and needle-wire configuration, will be 
specified. 

In summary, the SPAR III experiment was not successful because of the 
failure to ' m drops at the tip of the injector needle. One can be confident, 
however, that this problem can be surmounted. It is presently planned to study 
the coalescence of at least tw'o drops of a Newtonian, viscous fluid on the 
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SPAR V flight. The necessary design paramotei's will be developed ano verified 
in a series of lo\v-g‘ plane flights to insure a high confidence level i;. the next 
rocket ‘^eriment. This additional work and tlie pro\ision of suf* oient time 
to verity the critical parameters should lead to successfiil fliglit with meaningful 
results. 
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